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Abstract 
 
Coastal wetlands are a hallmark feature of the Delaware Estuary 
where they form a nearly continuous fringe and furnish many important 
ecosystem and human services. These coastal wetlands have long been 
threatened where nearly half have been lost, degraded or otherwise 
altered. According to the United States Fish and Wildlife Service and 
National Oceanic and Atmospheric Association, the loss of these habitats 
continues with approximately 3,000 hectares lost between 1996 and 2006 
(Stedman and Dahl, 2008).  . Remote sensing data suggests that the 
majority of our remaining 150,000 hectares of tidal wetlands (PDE Report 
# 10-01, 2010) are also degraded in condition, likely a precursor for more 
losses to come (Kearney et al, 2002).  
Past and present land use practices appear to be contributing to 
the decline of coastal wetlands in the estuary.  I contrasted current salt 
marsh condition with past land use changes in the Delaware Estuary to 
better understand how various human influenced stressors may have 
impacted these valuable habitats. Salt marsh current condition and past 
configuration was examined in three representative watersheds: the St 
Jones River watershed, DE; the Broadkill River watershed, DE; and the 
Maurice River watershed, NJ. Comparative analyses of past practices, 
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wetland configuration, and current wetland condition suggest that the 
causes of salt marsh loss and degradation are complex and site-specific. 
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Background 
Introduction 
 Coastal wetlands are highly productive and offer a variety of 
important ecosystem and human services.  Coastal wetlands are more 
productive than tropical rainforests (Whitaker and Likens, 1973), provide 
breeding and nesting grounds for aquatic and terrestrial animals, filter 
water and protect the coasts from flooding and storm surges (Greeson, 
1979).  Coastal wetlands are a hallmark feature of the Delaware Estuary 
and a principal environmental indicator for the area’s ecosystem health 
(PDE Report #08-0, 2008).  Coastal wetlands have long been maligned 
where nearly half have been lost, degraded or otherwise altered in the 
Delaware Estuary (PDE Report #08-0, 2008).  For this research, I 
evaluated current salt marsh condition and changes in land use in 
representative watersheds in the Delaware Estuary to better understand 
how various human influenced wetland stressors have impacted the 
health of these valuable habitats.   
 
What are Coastal Wetlands? 
 Coastal wetlands can be divided into three types: salt marshes, 
tidal freshwater wetlands, and mangrove swamps (Chabreck, 1988).  
Broadly defined, coastal wetlands include both tidal and non-tidal wetlands 
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in coastal watersheds (Mitsch, Gosselink, Anderson and Zhang, 2009).  In 
the Delaware Estuary, the extended salinity gradient supports freshwater 
tidal wetlands in the upper estuary, brackish marshes in the salt-
freshwater transition zones and salt marshes along the bay (Sutton et al, 
1996).  The focus of this project is limited to salt marshes in the Delaware 
Estuary. 
 
Distribution of Coastal Wetlands 
 Salt marshes are found 
throughout the world along 
low-energy coastlines in the 
middle and high latitude 
regions of the major 
continents (except Antarctica) 
(Greenberg et al, 2006).   In 
the United States, there are 
about 1.9 million hectares of 
salt marshes in the United 
States (Mitsch, Gosselink, 
Anderson and Zhang, 2009).   
Figure 1: Wetlands of the Delaware Estuary 
delineated by salinity; Source:  Reed et al, 2006 
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In the Delaware Estuary, coastal wetlands are distributed 
throughout the Estuary from the tidal headwaters of the Delaware River 
near Trenton, New Jersey south to Cape May, New Jersey and Cape 
Henlopen, Delaware (DELEP Report #95-01, 1995). More than 145,000 
hectares of salt marshes are found within the Delaware Estuary (PDE 
Report # 10-01, 2010).  The 
total coastal wetland area is 
split nearly even between 
New Jersey and Delaware 
(Delaware Coastal 
Management Report #2, 
1976). 
 Despite the complex 
and valuable coastal 
wetlands in the Delaware 
Estuary, only outdated data 
is available in order to 
calculate a current and 
accurate estimate of total 
coastal wetland acres.  The 
most applicable data set 
available to calculate total acres is the National Wetland Inventory’s 
(NWI), however in some areas of the Delaware Estuary, the data 
Figure 2: Timeline of National Wetland 
Inventory data in the Delaware Estuary; 
Source: Partnership for the Delaware Estuary, 
2009 
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calculations can be nearly 40 years outdated.  Figure two details areas of 
coastal wetlands and corresponding years of the more recent NWI 
assessment. The ranges of years of last assessment are from 1972-2002.  
The Delaware Estuary has no current, cumulative calculation for total 
acres of coastal wetlands within its boundaries.     
 
Coastal Wetland Status and Trends  
Loss of Coastal Wetlands 
At the time of European settlement, the United States contained an 
estimated 89.5 million hectares of wetlands.  Approximately three 
centuries later, nearly 50% has been lost (Mitsch, Gosselink, Anderson, 
Zhang, 2009; Stedman and Dahl, 2008).   The United States Fish and 
Wildlife Service (USFWS) and the National Oceanic and Atmospheric 
Association (NOAA) found that approximately 146,000 hectares of coastal 
wetlands were lost in the eastern United States alone between 1998 and 
2004 (Stedman and Dahl, 2008).  Despite the important values and 
functions coastal wetlands provide, (Greeson, 1978; Stuber, 1983), the 
Delaware Estuary is still losing wetlands.  Nearly fifty percent of the 
natural marshes have been lost to development, conversion or 
degradation associated with human activities.   According to NOAA’s 
Coastal Change Analysis Program (C-CAP) estimates, the Delaware 
Estuary watershed lost approximately 1,400 hectares of coastal wetlands 
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between 1996 and 2006 (EP-C-09-020, 2010).  Losses were generally 
even with between freshwater and salt marsh; 44% of the losses were 
saltwater marsh.  More than seventy-five percent of saltwater marsh loss 
was due to conversion to open water (EP-C-09-020, 2010).   
 
Condition 
 Despite the continued loss of coastal wetlands in the Delaware 
Estuary, it is important to know the health and condition of the remaining 
145,000 hectares of salt marshes.  The presence of unhealthy and 
degraded wetlands is due to a combination of physical, biological and 
chemical stressors (See Figure 3).   
 Studies show that the remaining wetlands in the Delaware Estuary 
show a decline in condition.  Kearney et. al. (2002) found that that both the 
Chesapeake and Delaware Bays’ coastal wetland condition has been 
deteriorated.  Using Landsat data, they developed a spectral mixing model 
which results in a marsh surface condition index that measures the 
spectral degradation changes from marsh vegetation and transitionally to 
mud flat and ultimately to open water.  They monitored the changes from 
vegetated coastal marshes to open water in the bays.   
 In the Chesapeake Bay, the upper and middle portions show that 
19% of estuarine marshes were severely to completely degraded and in 
the lower portion, 20% of the marshes were severely to completely 
degraded.  The same study found that on the north shore in New Jersey of 
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the Delaware Bay, 19% of estuarine marshes were found to be severely to 
completely degraded.  On the south shore in Delaware of the Delaware 
Bay, 10% were found to be severely to completely degraded. (Kearney et 
al, 2002).   
The Delaware Department of Natural Resources conducted a study 
at the watershed scale analyzing tidal wetland health, including both salt 
marshes and freshwater tidal wetlands, at the St Jones River Watershed 
in the Delaware Estuary.  Results of that study showed that 18 % of tidal 
wetlands are severely stressed, 32% are moderately stressed and the 
remainder is minimally stressed.  Ditching, invasive plants, soil 
disturbance and barriers to landward migration were all stressors found to 
be driving the current degraded health of tidal wetlands in the St. Jones 
watershed (Rogerson, Jacobs and Howard, 2010).   
 
Causes of Losses 
Salt marshes are subjected to a range of anthropogenic stressors 
originating from the landward side, as well as natural forces from the 
seaward side.  Examples of stressors originating from land-based 
activities include dredging, filling and shoreline hardening.  Seaward 
events such as coastal storms, tidal surge causing erosion and deposition, 
salt water intrusion and tidal inundation have the ability to affect wetland 
type and configuration (Stedman and Dahl, 2008).  Stressors can be 
sorted functionally: physical stressors, biological stressors and chemical 
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stressors.  Examples of some of these stressors common to Delaware 
Estuary coastal wetlands can be found in figure 3.  These stressors have 
the ability to affect the overall health and condition of tidal marshes in the 
Delaware Estuary.  
 
 
 
 
 
 Stressors that will be evaluated in this research include losses and 
gains of tidal and non-tidal open water, hardened surfaces within coastal 
wetland boundaries and changes in surrounding landscape focusing on 
development, forest and agriculture.  Other stressors that are known to 
have an impact on coastal wetlands in the Delaware Estuary can be found 
in figure 3; however, they are not a focus of this research.   
 
Physical Coastal Wetland Stressors  
Climate 
Figure 3: Examples of salt marsh stressors organized functionally 
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Recent climate predictions for the Delaware Estuary have revealed 
that temperatures will rise between two and four degrees Celsius, 
precipitation will increase between seven and nine percent and sea level 
rise will increase between 0.5 meters and 1.5 meters (PDE Report # 10-
01, 2010).  Coastal wetlands are especially susceptible to impacts of sea 
level rise, which may increase the erosive forces of tidal action.  An 
increase in tidal action may lead to seaward edge erosion and coastal 
wetland retreat upland (Bushek, Quirk and Phillip, 2010).   
Excessive flooding due to sea level rise will cause stress to plant 
communities and ultimately reduce the productivity of coastal wetlands.  
Relative sea level rise could cause an inland migration of marshes and 
species shifts in some areas and, widespread marsh loss in other 
locations depending on the degree of development in the upland (PDE 
Report # 10-01, 2010).  This project indirectly looked at the effects of 
climate changes by measuring the changes in total square meters of open 
water and development.       
 
Development 
This project measured the total hardened structures within a 300 
square meter buffer around study sites as well as the changes in the 
nearest distance to hardened structures and development.  Development 
in the Delaware Estuary was a major focus of this project because of the 
impacts hardened surfaces have on coastal wetlands.  Increases in 
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development affect coastal wetlands physically and chemically.  
Development causes habitat fragmentation, disruptions in nutrient 
exchanges and non-natural shoreline and upland boundaries (Wigand et 
al, 2003; DELEP Report #95-01, 1995, Roman et al, 1994) .   
Land use data and results from The Nature Conservancy show an 
increased loss of forest due to an increase in development in the 
Delaware Estuary (Smith and Allen, 2010).  These changes have resulted 
in losses of “soft” wetland buffers.  “Hard” wetland buffers, such as roads 
and buildings, block the wetland from migrating landward due to stressors 
such as sea level rise.  Soft buffers, or undeveloped buffers, give the 
wetland leeway to migrate landward.  The inability of wetlands to migrate 
landward due to development and urbanization is a major threat for 
coastal wetland losses in the Delaware Estuary (DELEP Report #95-01, 
1995).    
Filling and shoreline hardening for development and erosion control 
has grown substantially as population increases in the metropolitan and 
popular resort areas in the Delaware Estuary.  As the Delaware Estuary 
becomes more urbanized, greater pressures for land development and 
housing become evident (DELEP Report #95-01).  In conjunction with the 
predicted climate changes impacts in the Delaware Estuary, tidal marshes 
will need to retreat landward as sea level rises.  The increase in 
development and loss of natural landscapes around the upland may 
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impede the ability of coastal wetlands to retreat and ultimately lead to 
permanent inundation. 
The effects of development not only have physical impacts on 
wetlands, but also chemical impacts.  Development along coastal 
wetlands can cause increases in nutrients, such as nitrogen, and 
ultimately cause eutrophication. (Wigand et al, 2003).  Development can 
also interrupt the natural exchange of essential nutrients which ultimately 
can change Spartina dominated salt marshes to monocultures of invasive 
plant species, such as Phragmites australis (the common reed) (Roman et 
al, 1994).  
The impacts of development are a threat to coastal wetlands, 
especially in the Delaware Estuary.  The predicted combined impacts of 
development and climate change are why the extent and location of 
hardened structures within coastal wetlands is an important focus of this 
study.   
 
Impoundment/Diking 
Possibly the most substantial impact human disturbance has had in 
tidal marshes is diking (DELEP Report #95-01, 1995).  This technique was 
developed in order to keep salt water out and soils well drained.  Primarily 
used for agricultural, diked areas alter the hydrologic flow of wetlands.  
Chiefly, diking is seen in the freshwater marshes; however some salt 
marshes were diked for the creation of waterfowl and wading bird habitat, 
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as well as deterrence of breeding of the salt marsh mosquito (Meredith, 
1988).   
Impoundments have accounted for large portions of some 
freshwater marshes to much small areas of lower estuarine salt marshes 
in the Delaware Estuary (DELEP Report #95-01, 1995; Bryant and 
Pennock, 1988). Dike failure leads to the establishment of a lower tidal 
wetland community, producing a lower marsh or open water/tidal flats.  It 
can severely alter salt marsh plant communities and lead to a conversion 
to open water (Daiber, 1971; DELEP Report #95-01, 1995).   
This project looked at the impacts impoundments have on coastal 
wetlands in the Delaware Estuary by capturing the changes in total open 
water within the landscape buffer, a 300 square meter area around the 
study sites.  Increases in open water can be directly caused by the 
installation and ultimately the failure of dikes for farming or waterfowl.  
Dike blow-outs are when the dike fails and becomes tidally influenced, 
ultimately leading to loss of marsh and open water conversion.   
 
Ditching 
This project accounted for the presence of ditches and other 
hydrological alterations used for mosquito control.  Ditches may decrease 
the hydrological condition of coastal wetland health and are an important 
stressor considered in this project.   Mosquito control in the Delaware 
Estuary has been evolving for nearly a century.  Old grid-ditches traverse 
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over 2/3’s of Delaware’s salt marshes, which were first installed in the 
1930’s to try to drain marsh surfaces for mosquito control (Meredith et. al, 
2002).  According to New Jersey’s mosquito control division, mosquito 
control began in the early 1900’s.  Salt marsh mosquitoes present 
problems throughout the estuary; they carry disease and cause economic 
losses, primarily through losses in tourism.  Mosquito control methods are 
primarily through applications of insecticides or land management 
techniques (Meredith, 1988).  Land management techniques, such as 
ditching, have altered the hydrology of the wetlands.   
 Parallel-grid ditching was the earliest form of mosquito control 
measures, starting in the early 1930’s.  Ditches spaced approximately 150 
feet apart were used to control the presence of small pools or pannes, 
which are notorious mosquito breeding ground habitat (Meredith, 1988).    
Ditching has been criticized for lowering the water table, ultimately causing 
changes in the marsh vegetation and loss in waterfowl habitat (Meredith, 
1988).  Tidal restrictions associated with ditching and impoundments have 
been criticized for the establishment of Phragmites australis, an invasive 
reed found in about 10-15% of Delaware coastal marshes (Roman et al, 
1984 and Meredith et al, 2002).     
 
Sediment Supply 
This project did not look directly at the impacts sediment supply has 
on the overall wetland health and condition in the Delaware Estuary; 
29 
 
 
however the sediment supply of coastal wetlands in the Delaware Estuary 
is an important stressor that is amplified with increases in development 
and sea level rise.  Sediment starved Delaware Estuary marshes are 
especially threatened because of the predicted sea level increase 
between 0.5 meters and 1.5 meters (PDE Report # 10-01, 2010).  Marsh 
maintenance in response to rising sea level depends on an adequate 
supply of sediment to the marsh.  In order for the marsh to maintain itself, 
sediment accretion must exceed the rate of its surface subsidence, or 
marsh drowning will occur (Philips, 1986).   
The Delaware Estuary has a history of altering the sediment budget 
in the Delaware River.  Shorelines in estuarine system act as sediment 
deposit sites from erosion material from the land; however, in the 
Delaware Estuary, the construction of bulkheads, sea walls and piers have 
modified the shoreline and those sediment deposition sites (DELEP 
Report #95-01, 1995).  Industry continues to grow in the Delaware 
Estuary. The major city ports of Wilmington, DE and Philadelphia, PA 
provide high profits; therefore the shipping channels must be maintained 
and deepened.  Removal of dredged sediment from the shipping channels 
to upland dredged material disposal sites are examples of how the 
regional sediment budget has been altered within the Delaware Estuary 
system (DELEP Report #95-01, 1995).  Maintained sediment supplies are 
an important physical characteristic of healthy salt marshes; however it is 
not a focus of this research. 
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Biological Stressors of Coastal Wetlands 
Invasive Species 
 Native species diversity is a chief characteristic in determining the 
state of coastal wetland condition, even though salt marshes have low 
species diversity and high dominance by a single species (Odum, 1988).  
Marsh plants provide many important ecosystem services such as 
shoreline stabilization, accrue sediments, and provide marine nurseries.  
The invasion of non-native, nuisance species may impact those important 
ecological services.  This project accounted for both native species 
diversity and invasive plant abundance.   
The most common invasive species, Phragmites australis, is 
estimated to occupy nearly 15% of coastal wetlands in Delaware 
(Meredith et al, 2002).  In New Jersey coastal wetlands, P. australis is the 
most prevalent plant invader (Dodici et al, 2004).  Initial establishment of 
P. australis in the Delaware Estuary coastal wetlands began in the early 
1950s and by the 1960’s-1980’s, large areas of tidal marshes were 
covered (Phillip and Field, 2005).  P. australis disturbs the vegetation 
zonation of tidal marshes, out-competes native plants for nutrients and 
sunlight and reduces nesting of waterfowl (Windham and Lathrop, 1999; 
Roman et al, 1994).   
Native species diversity and invasive species abundance is 
accounted for in this project and is an important field metric that is 
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captured through this research.  The overall percent of non-native species 
was captured as well as percent native species total abundance within a 
landscape buffer, a 300 meter area around the study sites.   
 
Snow geese grazing 
 Snow goose grazing has become a problem in New Jersey and 
Delaware.  Snow geese have changed their primary foraging from 
croplands to Spartina alterniflora salt marshes (DELEP Report #95-01, 
1995).  Snow geese grazing results in native salt marsh plant “eat-outs” 
where they forage by removing the above ground plants and their 
rhizomes up to 25 centimeters in length and extend for several kilometers 
(Smith, 1983; Smith and Odum, 1981).  Snow geese grazing reduces the 
below ground primary productive of salt marshes (Smith and Odum, 
1981).    Daiber (1971) reports that snow goose grazing in Delaware have 
led to conversion from vegetated salt marshes to open water ponds.  This 
project quantifies the changes in open water around the study sites.  
Some of these changes can be a result from a snow geese eat out, 
therefore the impacts of snow geese grazing was indirectly captured in 
this project.   
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Chemical Stressors of Coastal Wetlands 
Salinity 
Tidal wetland plant distribution is controlled by salinity gradients 
that are affected by tidal waters.  Climate predictions in the Delaware 
Estuary indicate that an increase in sea level and tidal action may cause 
an increase in salinity levels, ultimately impacting the salinity zones 
controlling wetland dispersal along the Delaware Bay (PDE10-01, 2010). 
Climate predictions in the Delaware Estuary have serious implications for 
salinity shifts in the Delaware Estuary (Hull and Titus, 1986).  Salt water 
intrusion in coastal wetlands of the Delaware Estuary can potentially lead 
to habitat conversion, species shift and loss of tidal freshwater marshes.  
The focus of this project is salt marshes; therefore a hyper-saline wetland 
is a plausible effect and threat to salt marsh condition and health in the 
estuary.  Tolerance of salt marsh plants in hyper saline conditions varies 
by the species.  Salinity is not a focus of this research project. 
 
Nutrients 
Nutrient loads are an important contributing wetland stressor to the 
Mid-Atlantic region.  Nutrients that come into the system can be from a 
variety of point and non-point sources.  The ability of wetlands to filter 
surface and ground water is an important function that ranks wetlands as 
a top ecosystem priority.  The impacts of excessive nutrients can be harsh 
including such things as decreases in local or regional biodiversity, 
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increases in nuisance/invasive species and an abundant increase in 
above-ground production (Bedford et al, 1999; Vermeer and Berendse, 
1983).  Species richness is an important characteristic of wetland 
communities, providing organisms with a variety of feeding and nesting 
opportunities, as well as high levels of production.  The impact of invasive 
species, such as Phragmites australis, is a characteristic of excessive 
nutrients.  In the Delaware Estuary, however elevated levels of nutrients 
are present and most of the waters are considered impaired by water 
quality standards, the estuary is relatively vacant of increased nutrient 
environmental impacts such as fish kills and algal blooms (Santoro and 
Limbeck, 2008).  This study did not look at the direct impacts nutrient 
loads have on tidal wetlands in the Delaware Estuary.     
 
Assessment of Coastal Wetlands 
 The United States Environmental Protection Agency suggests a 
three-tiered technical approach for wetland monitoring and assessment.  
The three tiers include a landscape assessment, a rapid wetland 
assessment and an intensive site assessment.  Cumulatively, the three 
tiered approach will provide a comprehensive assessment of condition of 
the wetlands, as well as an understanding of the role and function the 
wetlands are performing (US EPA, 2006).  Rapid assessment methods 
(RAM) have become increasing more common in wetland assessments; 
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such states as California, Ohio and Virginia have developed and 
implemented a RAM for their individual states (Stein, 2009).  Wetland 
rapid assessment methods can provide a cost effective, scientifically 
defensible estimate of wetland condition for use in project monitoring 
(Sutula et al, 2006). 
 Through a collaborative effort from regional and state 
organizations, the Mid Atlantic Coastal Wetland Assessment (MACWA) 
group was organized in order to coordinate, oversee and implement a 
regional wetlands monitoring program for the Mid-Atlantic region. The 
Delaware Department of Natural Resources (DNREC) used the tools and 
strategies outlined by the EPA’s three-tiered framework to develop a rapid 
assessment method for tidal wetlands within the region.  The Mid-Atlantic 
Tidal Rapid Assessment Method (Mid-TRAM) (Jacobs et al, 2010) was 
developed by DNREC and is assesses the buffer and landscape, 
hydrology and habitat of a tidal marsh.  This assessment is designed to be 
repeated throughout the Delaware Estuary for all coastal wetlands.  A 
more detailed explanation of the techniques behind the Mid-TRAM is 
outlined in the methods and materials section of study one. 
 Another tool in the assessment of wetlands is the analysis of aerial 
imagery and remotely sensed data.  The use of digital photography is well 
accepted approach to the analysis of wetlands.  This method is relatively 
inexpensive, easily attainable, fast and cost effective tool for analysis of 
changes in habitat over given periods of time.  New Jersey and Delaware 
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State Departments both have aerial photographs readily available for 
public access.  Each state has large digital libraries of various GIS layers 
and of remotely sensed data, including historical digital ortho-images, 
Land Use/Land Cover maps and false color infrared images.  The aerial 
images date back to the 1930’s.  The use of aerial imagery is a good tool 
to analyze physical changes over the marsh. The use of ortho-
photography allows large scale assessments and regional analysis of 
stressors and changes in the marsh.  The analysis of aerial images led to 
a significant historical review of 
several human influenced land 
use stressors in the 
representative salt marshes, 
and the relative length of time 
the marshes have been under 
stress.  These images, in 
conjunction with the Mid-TRAM 
help satisfy the goals and needs 
of the three tiered wetland 
monitoring approach.  
 
Figure 4:  The purple hash marks denote 
the three representative study 
watersheds of this project 
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Purpose 
The focus of this research project was to establish a relationship 
between historical land use practices and current tidal wetland condition in 
representative Delaware Estuary watersheds.  This project had three 
objectives.  The first objective was to evaluate the condition of tidal salt 
marshes in representative watersheds within the Delaware Estuary.  The 
goal of this objective was met by utilizing the Mid-TRAM.  The 
representative watersheds in this study are found on Figure 4.  The 
coastal wetlands evaluated in this study are found in three representative 
watersheds: the St. Jones River Watershed, DE, the Broadkill River 
Watershed, DE and the Maurice River Watershed, NJ.   
The second objective of this study was to evaluate land use and 
land cover changes through human influenced management techniques 
by evaluating a historical record of aerial photographs in a geographic 
information system program throughout the representative watersheds.  
Examples of management practices would be ditching, diking, and fill for 
development.   
The last objective was to synthesize and a correlate any 
relationships between the current wetland conditions found in objective 
one with the changes in land use found in objective two.  The three 
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objectives of this study ultimately led to three individual studies for this 
graduate work.  Figure 5 shows the relationship between study one and 
study two and their impacts on study three.   
 
 
Approach 
 The goal of this research was to evaluate the impact of local 
stressors on salt marsh condition.  This goal was met by addressing the 
following three questions. 
1. How does salt marsh condition vary in representative 
watersheds in the Delaware Estuary? 
Figure 5: 
Study Approach 
Figure 5: Study objectives  
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2. How do these representative watersheds differ in 
stressor gradient and character? 
3. Is salt marsh condition correlated with stressors in 
these representative watersheds?  
In order to understand the presence and extent of various stressors 
in the Delaware Estuary and how they are impacting condition on coastal 
wetlands, three objectives must be met.  
1. Contrast condition in any salt marsh within the 
representative watersheds by utilizing the Mid-TRAM 
2. Contrast stressors in any salt marsh within the 
representative watershed by evaluating remotely 
sensed data 
3. Determine relations between objective one and 
objective two 
These three objectives were organized into three studies.  The first 
study was to discuss the results found in the rapid assessment of coastal 
wetland health (Mid-TRAM results).  The second study used current and 
historical aerial photographs to determine land use changes in and around 
coastal wetlands in the representative watersheds in the Delaware 
Estuary.  The last objective synthesized the results found in study one and 
study two in order to determine any significant impacts land use changes 
has had on current wetland condition.   
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Study 1  
The United States Environmental Protection agency has developed 
a three-tier wetland monitoring approach to provide an estuary-wide 
evaluation of its freshwater, brackish and saltwater tidal wetlands.  This 
method was developed in order to efficiently and wholly identify at a 
watershed-scale level the condition and health of tidal wetlands.   Tier one 
goals are landscape census surveys of extent and condition.  Tier two 
goals are ground sampling methods to evaluate condition and health.  Tier 
three goals are intensive studies and fixed station monitoring of areas of 
critical concerns.   
Tier two was the primary focus of this study.  Tier two goals were 
achieved be using, at a watershed scale, the Mid- Atlantic Tidal Wetland 
Rapid Assessment Method (Mid-TRAM).  The Mid-TRAM is an adaptation 
of the EPA’s three-tiered monitoring method.  The Mid-Atlantic Tidal Rapid 
Assessment Method was developed as part of a collaborative effort 
among the Delaware Department of Natural Resources and 
Environmental Control, Maryland Department of Natural Resources and 
the Virginia Institute of Marine Sciences to assess the condition of tidal 
wetlands in the Mid-Atlantic region. 
This rapid assessment will allow each randomly selected site to be 
evaluated within one to two hours with two trained professionals.  A series 
of metrics were developed and each metric was given a ranked score.  
The scores were calculated in order to determine the current condition of 
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the wetland.  This method was developed for the primary purpose of 
assessing the condition of tidal wetlands at the watershed scale using a 
probabilistic survey.   
 
Study 2 
The second objective of this project was an aerial photograph 
evaluation of past and present day physical landscape changes by a 
series of geographic information system evaluations including changes in 
total percent open water changes, temporal losses in land cover and 
historical management changes (impoundments, diking, ditching).  Heads-
up digitizing the different land cover types gave percent calculation 
changes of land-water interface throughout different time periods in the 
three watersheds of this study.   
 Human alterations have radically transformed configuration of 
wetlands and their associated functions. These anthropogenic impacts 
have caused marsh migration, formation of internal ponds, interrupted 
brackish water flow and invasive plant establishment.  These physical 
changes are important in order to understand the response by wetlands in 
acreage loss, condition and functional processes.  The changes made by 
these local stressors may be affecting the current coastal wetland 
condition.  The objective of this chapter was to establish a temporal trend 
of changes in land cover type and stressor abundance within and around 
the study watersheds.     
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Study 3 
The last chapter was to synthesize and correlate the results found 
in study one and study two.  This study correlated and evaluated any and 
all relationships between the Mid-TRAM scores (study ones goals) and the 
aerial photography analysis (study twos goals) through a series of 
statistics and correlation studies.  The goal of this chapter was to 
determine how human influenced land management changes and stressor 
abundances are affecting current coastal wetland condition.  If correlations 
between land use changes are found with current coastal wetland 
condition, managers and stakeholders will be able to have better insight 
on how to implement best management practices in coastal wetland 
ecosystems.     
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STUDY ONE 
Introduction 
 Despite coastal wetlands values and functions, no current and 
cumulative study has been conducted indicating the health and acres of 
coastal wetlands in the Delaware Estuary.  Various stressors may be 
leading to the loss of tidal wetlands throughout the Delaware Estuary.  
Stakeholders and managers in the Delaware Estuary, specifically the 
Partnership for the Delaware Estuary, saw a need for a cumulative 
monitoring wetland program in their area.  The Partnership implemented a 
three-tiered wetland monitoring program in order to gain an estuary-wide 
wetland condition analysis.     
Preliminary data suggests that coastal wetlands in the Delaware 
Estuary are degraded (Kearney et al, 2002; Jacobs et al 2010, EP-C-09-
020, 2010).  The current wetland health and condition are important for 
stakeholders, managers and policy makers.  In this study, I proposed to 
evaluate current wetland health in representative watersheds of the 
Delaware Estuary by using rapid assessment methods.   
 
Wetland Health and Assessment 
The National Ocean and Atmospheric Association Coastal Change 
Analysis Program performed a case study on tidal wetlands in the 
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Delaware Estuary.  They found that the Delaware Estuary lost about 1.5% 
of tidal wetlands (~7,500 acres) between 1996 and 2006 (EP-C-09-020, 
2010).  Kearney et al (2002), used LANDSAT imagery to look at tidal 
marsh loss.  The research showed that between 1984-1993, the Delaware 
Estuary showed a substantial increase in degraded marshes, where the 
areal coverage of degraded marshes of  all classes more than doubled-
from  25% in  1984 to 54% in 1993, especially on the New Jersey shore, 
Despite their important values and increased attention, tidal 
wetland loss is predicated to increase. Recent science based climate 
predictions suggest that the Delaware Estuary will lose a minimum of 25% 
of tidal wetland health in the next decade; however state agencies are 
planning for a 99% loss (PDE Report # 10-01, 2010).   
 
National Assessments 
 Losses of wetlands have been seen throughout the United States.  
United State Fish and Wildlife Service Wetland Status and Trend 2004-
2009 report (Dahl, 2011), the United States indicate that the losses of 
wetland outweighed the gains of wetlands.  The study found that marine 
and estuarine intertidal wetlands declined by an estimated 84,100 acres, 
approximately 1.4 percent, between 2004 and 2009. 73% of losses were 
to open bay and ocean. Losses of salt marsh reflected the impacts of 
coastal storms and relative sea level rise along the coastlines of the 
Atlantic and Gulf of Mexico. The majority of all estuarine emergent losses 
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were associated with processes related to the marine environment such 
as saltwater inundation and/or coastal storm events. The effects of sea 
level on  
Both freshwater and salt marshes showed losses throughout the 
United States (Dahl, 2011; Dahl, 2000).  There was a significant need for 
a national survey to evaluate the health of the remaining wetlands 
throughout the United States.  The United States Environmental 
Protection Agency has implemented their first ever national survey on the 
condition of the United States’ wetlands 
(http://water.epa.gov/type/wetlands/assessment/survey/index.cfm, 2010).  
The survey will be designed to provide regional and national estimates of 
the ecological integrity and biological condition of wetlands.   The National 
Wetland Condition Assessment will use a probability-based sampling 
design to provide statistically-valid estimates of condition for a population 
of wetlands.  A consistent field assessment procedure will be used for the 
NWCA to ensure that the results can be compared across the country.  
Results are expected in 2013.   
 
Rapid Assessment  
 Rapid assessment methods (RAM) have become increasing more 
common in wetland assessments; such states as California, Ohio and 
Virginia have developed and implemented a RAM for their individual 
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states (Stein, 2009).  Wetland rapid assessment methods can provide a 
cost effective, scientifically defensible estimate of wetland condition for 
use in project monitoring (Sutula et al, 2006). 
 
National Rapid Assessments 
 In the United States, rapid assessment methods have been 
implemented into wetland monitoring programs in states such as 
California, Ohio and Michigan (Collins et al, 2008; Mack, 2001; Michigan 
Department of Natural Resources and Environment, 2010).  California has 
a comprehensive web site dedicated to uploading rapid assessment data 
into their database.  It allows managers and stakeholders to look at 
specific areas of interest, and the status of the health of those wetlands.  
Cumulative data reports have not been published yet for any of the states 
using rapid assessment methods because the applied methodology is 
rather new nationwide.   
 
Delaware Estuary 
 This study used the Mid-Atlantic Tidal Rapid Assessment method 
as a means to measure tidal wetland condition in the study watersheds: 
The Broadkill River Watershed, The St Jones River Watershed and the 
Maurice River watershed.  The Broadkill River watershed and the St 
Jones River watershed’s scores were measured and calculated by staff 
members of the Delaware Department of Natural Resources wetland 
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assessment group in collaboration with staff at the Partnership for the 
Delaware Estuary.  The Maurice River Data was measured and calculated 
by staff at the Partnership for the Delaware Estuary.  30 sites were 
evaluated for the St. Jones River Watershed and the Maurice River 
Watershed.  However, 29 sites were evaluated for the Broadkill River 
Watershed.  One site was found to be tidal freshwater and not a focus of 
this paper, therefore it was excluded from the study.  This study evaluated 
89 tidal salt marsh sites in three watersheds across the Delaware Estuary 
(See Figure 1). 
 
Objective and Approach 
 The objective of this study is to obtain an overall current wetland 
condition score for three representative watersheds of the Delaware 
Estuary:  The St. Jones River Watershed, DE; the Broadkill River 
Watershed, DE and the Maurice River Watershed, NJ.  Current wetland 
condition was calculated over two growing seasons (2010 and 2011) by 
using the Mid-Atlantic Tidal Rapid Assessment Method (see Methods).  
The overall current wetland condition averages the scores of three 
attributes:  Buffer/Landscape, Hydrology and Habitat.  These condition 
attribute scores along with the overall condition score were evaluated to 
determine any differences among them within the watersheds at an 
estuarine scale.    
Figure 1- Study 
Watersheds and Sites 
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Methods 
Site Selection 
Three representative watersheds of the Delaware Estuary were 
chosen for this study.  Each 
watershed has a unique and 
rich history of land use.  The 
geographical location of the 
watersheds in relation to their 
place in the Delaware 
Estuary can be found on 
figure 1.  The three selected 
study watersheds are the St 
Jones River Watershed, DE; 
the Broadkill River 
Watershed, DE and Maurice 
River Watershed, NJ.  These 
three watersheds each are home to significant stretches of tidal salt 
marshes that have come under pressure from various stressors, possibly 
affecting their current health and condition.  These watersheds’ rich history 
of land use around and within the tidal salt marshes makes them important 
and representative to this study. 
Figure 1: Study Site Distribution 
Figure 1: Study Watersheds and Sites 
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 The Mid-TRAM was designed to test approximately 30 randomly 
selected tidal wetland points within a watershed.  The watersheds were 
delineated by using HUC-10 boundaries.   For this study, National 
Wetland Inventory (NWI) data was used to delineate salt marshes within 
the study watersheds.  Using Cowardin codes (Cowardin et al, 1979), 
polygons of tidal wetlands were extracted from the study watersheds.     
NWI data can be found publicly on the United States Fish and 
Wildlife Service’s National Wetland Inventory Data wetland internet web 
page (http://www.fws.gov/wetlands/) and downloaded into a GIS 
compatible layer.  Delaware and New Jersey NWI data was downloaded 
and placed into a GIS.  Using the HUC-10 delineation of the study 
watersheds, the layer was clipped down to include all wetlands within the 
HUC-10 boundary.  After the NWI data was extracted to include only 
wetlands within the study watersheds, queries were made in the attribute 
table to include only tidal salt marsh emergent wetlands.  Using the 
Cowardin codes, all non-tidal wetlands and freshwater tidal wetlands were 
deleted from the layer in order to include only tidal salt marsh wetlands. 
The final product for site selection includes three shapefiles, which 
include polygons of tidal emergent salt marsh delineated for each of the 
three study watersheds.  The shapefiles were sent to the United States 
Environmental Protection Agency where a random point generator was 
used to choose 100 sites in each of the shapefiles for site selection.  The 
program, a Generalized Random Tessellation Stratified (GRTS) survey 
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design, selects 100 eligible random sites, and is listed chronologically by 
Site ID.   The program provides 100 eligible sites and their corresponding 
coordinates within the watersheds.  Some sites have been converted and 
filled for development, flooded or do not meet the minimum area required 
(50m2) in order to complete the study.  In addition, conflicts with land 
ownership may arise, and site access is denied. Working in order, sites 
that do not meet the requirements are skipped, and the next site is 
chosen. The Mid-TRAM calls to work in order by Site ID to find the first 30 
eligible sites to calculate their condition scores.  In cases where sites need 
to be omitted due to these problems, the site is removed from the attribute 
table, and the next location is used.   
 
The Mid-TRAM  
The Mid-TRAM was used to evaluate wetland condition in the study 
watersheds.  This method was developed for the primary purpose of 
assessing the condition of tidal wetlands at the watershed scale using a 
probabilistic survey. Therefore, the assessment is based on the evaluation 
of a fixed area of tidal wetland (50m radius circle) (Jacobs et al, 2010). 
 The Mid-TRAM involves two phases for each of the 30 sites: field 
assessment and survey point characterization.  Some of the metrics 
require an on-the-ground site survey and other metrics require an aerial 
analysis using a GIS.  Before data calculations can occur, both phases 
need to be complete (see methods for detailed information).   
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The Mid-TRAM (Jacobs et al, 2010) is divided into three sections or 
attributes.  Each section contains metrics that are to be evaluated and 
scored in order to receive a condition score of the wetlands.  The condition 
score will determine whether the wetland is stressed or not, and the level 
at which it is stressed.  The three attributes are buffer/landscape, 
hydrology and habitat (See Table 1).  The list of metrics that are being 
measured can also be found in Table 1.  Specific and detailed instructions 
of the Mid-TRAM methodology can be found on a public web page 
provided by the Delaware Natural Resources and Environmental Control 
(http://www.dnrec.delaware.gov/Admin/DelawareWetlands/Documents/Tid
al%20Rapid_Protocol%203.0%20Jun10.pdf).   
   
 
Attribute 
 
Metric Description 
Buffer/Landscape Percent of AA 
Perimeter with 
5m- Buffer 
Percent of AA perimeter that has at least 5m 
of natural or semi-natural condition land cover 
 
Buffer/Landscape Average Buffer 
Width 
 
The average buffer width surrounding the AA 
that is in natural or semi-natural condition 
 
Buffer/Landscape Surrounding 
Development 
 
Percent of developed land within 250m from 
the edge of the AA 
 
Buffer/Landscape 250m Landscape 
Condition 
 
Landscape condition within 250m surrounding 
the AA based on the nativeness of vegetation, 
disturbance to substrate and extent of human 
visitation 
 
Buffer/Landscape Barriers to 
Landward 
Migration 
 
Percent of landward perimeter of wetland 
within 250m that has physical barriers 
preventing wetland migration inland 
 
Hydrology Ditching & 
Draining 
The presence of ditches in the AA 
 
Table 1:  Metric Overview for Mid-TRAM 
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Hydrology Fill & 
Fragmentation 
 
The presence of fill or wetland fragmentation 
from anthropogenic sources in the AA 
 
Hydrology Wetland Diking / 
Tidal Restriction 
The presence of dikes or other tidal flow 
restrictions 
 
Hydrology Point Sources 
 
The presence of localized sources of pollution 
 
Habitat Bearing Capacity 
 
Soil resistance using a slide hammer 
 
Habitat Vegetative 
Obstruction 
 
Visual obstruction by vegetation <1m 
measured with a cover board. 
 
Habitat Number of Plant 
Layers 
 
Number of plant layers in the AA based on 
plant height 
 
Habitat Percent Co-
dominant Invasive 
Species 
 
Percent of co-dominant invasive species in 
the AA 
 
Habitat Percent Invasive 
 
Percent cover of invasive species in the AA 
 
 
 
Metric Description and Scoring 
 
Attribute 1: Buffer/Landscape  
 In the Mid-TRAM, the buffer/landscape attribute measures and 
captures non-natural structures and surfaces that would impede the ability 
of the wetland to migrate landward.  According to the Mid-TRAM, the 
buffer attribute is defined as the area surrounding the assessment area 
(50 meters) that is in a natural or semi-natural state and currently not 
dedicated to anthropogenic uses.  Examples of natural or semi-natural 
land cover types are recreational trails, raised docks and parks.   
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According to the Mid-TRAM, landscape attribute is defined as a matrix of 
land in a natural or semi-natural condition as well as those dedicated to 
anthropogenic uses within 250 meter from the edge of the assessment 
area.  Five metrics are used to assess the buffer and landscape attributes 
of the assessment area (Jacobs et al, 2010). 
 
Metric 1: Percent of Assessment Area Perimeter with 5 meter Buffer 
The first metric measures the percent of assessment area (AA) 
perimeter with a five meter buffer.  The buffer is the area adjoining the 
assessment area.  To be considered a buffer, a suitable land cover type 
(not dedicated for anthropogenic uses) must be at least five meters wide 
and extend along the perimeter of the assessment area for at least five 
meters.  The buffer cannot be open water that is greater than 30 meters 
wide.  Some examples of suitable land covers are bike, foot and horse 
trails, natural upland habitats, nature parks or a raised dock/walkway.  
Examples of land covers that are excluded from the buffer are commercial 
developments, agriculture, roads, parking lots, lawns, golf courses and 
sports fields.  By looking in the GIS, the percent of five meter buffer can be 
assessed around the perimeter.  Some ground truthing may be required in 
areas that are under recent development.  Table 2 details how the scores 
are given for metric one (Jacobs et al, 2010). 
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Alternative States Scores 
Buffer is 100% off AA perimeter 12 
Buffer is 75-99% of AA perimeter 9 
Buffer is 50-74% off AA perimeter 6 
Buffer is <50% off AA perimeter 3 
 
Metric 2: Average Buffer Width 
The second metric in buffer/landscape attribute is the average 
buffer width.  The average width of the buffer adjoining the assessment 
area (AA) is estimated by averaging the lengths of eight straight lines 
drawn at regular intervals around the portions of the AA within buffer.  
Lines are drawn into the assessment area outward to the nearest non-
buffer land cover or until it reaches the 250 meter buffer.  In the GIS, eight 
straight lines are drawn from the edge of the 50 meter circle until an area 
of unsuitable land is met, or until the 250 meter circle is reached.  The 
eight lines are averaged.  The scoring of the average buffer width can be 
found in Table 3 (Jacobs et al, 2010). 
 
 
Alternative States Scores 
Average buffer width 190-250m 12 
Average buffer width 130-189m 9 
Average buffer width 65-129m 6 
Average buffer width 0-64m 3 
 
Table 2: Percent of Assessment Area with 5 meter Buffer 
Table 3: Average Buffer Width 
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Metric 3: Surrounding Development 
The third metric in buffer/landscape attribute is surrounding 
development.  Developed lawns between the assessment area (red circle) 
and the 250 m buffer (the green circle) (Figure 2) are evaluated.  
Agricultural land is not considered developed lands; however impervious 
surfaces such as suburban, urban and industrial development as well as 
golf courses and sports fields are considered surrounding development.  
This metric is calculated in the computer lab using a GIS.  By assessing 
the area between the assessment area and the 250 meter buffer using 
aerial photography, a score can be calculated.  Scoring for the 
surrounding development metric can be found in table 4 (Jacobs et al, 
2010). 
 
 
Alternative States Scoring 
0% development 12 
>0-5% development 9 
>5-15% development 6 
>15% development 3 
   
Metric 4: 250 meter Landscape Condition 
The fourth metric in buffer/landscape attribute measures the 
present condition of the surrounding 250 meter landscape based on land 
Table 4: Surrounding Development 
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use practices surrounding the assessment area, including the extent and 
nativeness of the vegetative cover, disturbance to the substrate and 
human visitation.  The scoring gradients can found in table 5 (Jacobs et al, 
2010). 
 
 
Alternative States Scoring 
AA’s surrounding landscape is comprised of only native 
vegetation, has undisturbed soils, and there is no evidence of 
human disturbance 
12 
AA’s surrounding landscape is dominated by native 
vegetation, has undisturbed soils, and there is little or no 
evidence of human visitation 
9 
AA’s surrounding landscape is characterized by an 
intermediate mix of native and non-native vegetation, and/or a 
moderate degree of soil disturbance/compaction, and/or there 
is evidence of moderate human visitation 
6 
AA’s surrounding landscape is characterized by barren 
ground and/or dominate by invasive species and/or highly 
compacted or otherwise disturbed soils, and/or there is 
evidence of intense human visitation 
3 
 
 
Metric 5: Barriers to Landward Migration  
The last metric measured in the attribute buffer/landscape 
examines barriers to landward migration.  Barriers to landward migration 
are physical barriers along the shoreline that would prevent the wetland 
from migrating inland with increasing sea levels.  Barriers can include 
hardened surfaces on the landward perimeter of the wetland such as sea 
Table 5: 250 meter Landscape Condition 
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walls, rip rap, debris or rock stabilization, a road or driveway that would be 
maintained or other development within the assessment area/upland 
edge.   
Barriers are evaluated by using aerial photographs of the 
assessment area.  A “pie wedge” is drawn from the open water edge of 
the assessment area towards the upland in the direction of wetland 
migration.  Barriers present in the hand drawn pie wedge from the 
assessment area to the 250 meter buffer circle are estimated as a 
percent.  The scoring gradients can be found table 6.  Additional data 
recorded in this metric is the estimated percent obstructed and the 
estimated average distance of the barrier to the center of the assessment 
area (Jacobs et al, 2010). 
 
 
Alternative States Scoring 
Absent: no barriers, 0% 12 
Low: <10% of perimeter obstructed 9 
Moderate: 10-25% of perimeter obstructed 6 
High: 26-100% of perimeter obstructed 3 
 
 
Attribute 2: Hydrology 
The second attribute, hydrology, is defined as the driving force that 
maintains the unique characteristics of wetlands, including hydrophytic 
vegetation and hydric soils, which differentiate wetlands from uplands.  
Table 6: Barriers to Landward Migration 
57 
 
 
Hydrology is integral to supporting numerous functions which define the 
wetland’s plants and animal composition and richness, physical borders 
and nutrient cycles.  The hydrology attribute consists of four metrics 
measuring impacts to these important functions (Jacobs et al, 2010). 
 
Metric 1: Ditching and Draining 
 The first metric in the attribute hydrology quantifies the amount of 
ditches within the assessment area.  Ditches are man-made mosquito 
control measures and increase or decrease the residency time of water in 
the assessment area (Jacobs et al, 2010).  Using aerial photographs, this 
metric quantifies the presence and amount of ditches within the 
assessment area.  The amount of ditches is then ground truthed during 
the site visit.  The scoring gradient for ditching and draining is found in 
table 7. 
 
 
Alternative States Scoring 
No Ditching (no ditches present in AA) 12 
Low Ditching (one small ditch present in AA) 9 
Moderate Ditching ( one to two ditches present in AA) 6 
Severe Ditching (at least two ditches present in AA) 3 
Table 7: Ditching and Draining 
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Metric 2: Fill and Fragmentation  
 The presence of fill and fragmentation are measured in this metric.  
Fill and fragmentation are disturbances that can change the natural plant 
community and hydrology of a wetland.  The presence of fill and 
fragmentation are measured by examining aerial photography for 
anthropogenic objects such as roads, berms, walkways and docks in the 
assessment area.  The estimated percent of fill and fragmentation is 
scored by table 8 (Jacobs et al, 2010). 
 
 
Alternative States Scoring 
No fill or fragmentation 12 
Low fill or fragmentation (small amounts of fill) 9 
Moderate fill or fragmentation (elevated walkways or docks 
that somewhat interfere with water moving in or out of the site) 
6 
Severe fill or fragmentation (Substantial fill or obstructions on 
the wetland surface and/or artificially fragment a once whole 
wetland unit 
3 
 
 
Metric 3: Diking/Restriction  
 Diking and tidal restrictions are measured in this metric.  Diking and 
tidal restriction interfere with the natural hydrology of the wetland.  
Knowledge of the local tidal regime is important to reference prior to 
Table 8: Fill and Fragmentation 
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Table 9: Diking/Tidal Restrictions 
measuring this metric.  Using aerial photography, the assessment area 
and the surrounding 250 meter buffer are examined for sources of 
restrictions.  If restrictions are found outside the 250 meter buffer and are 
known to cause hydrological alterations within the site, then it can be 
recorded and scored appropriately.  Examples of diking and tidal 
restrictions include under-sized culverts or bridge crossings, roads, man-
made berms and dikes and/or stabilized inlets (Jacobs et al, 2010).  
Scoring is provided in table 9. 
 
 
Alternative States Scoring 
Absent: no restriction, free flow, normal range  
 
12 
Low: restriction presumed (<10% alteration of normal range) 9 
Moderate restriction (10-25% alteration of normal range) 6 
High (26-100 alteration of normal range) 3 
 
 
Metric 4: Point Sources 
 Point sources are defined as localized sources of pollution that 
enter a wetland through a confined pathway such as a pipe, culvert or 
ditch.  Point sources can contribute significant amounts of polluted waters 
and nutrients from adjacent land practices.  Point sources are measured 
using aerial photographs.  The assessment area and surrounding 250 
meter buffer is examined for objects such as outfalls and drains.  Field 
validation is necessary.  State and local government agencies do have 
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some point sources mapped in a GIS layer which can help determine the 
presence of point sources in the wetland.  Man-made water bodies that 
drain from developed land and exit into a wetland are considered a point 
source (Jacobs et al, 2010).   
 
 
Alternative States Scoring 
Absent: no discharge 12 
Low: 1 small discharge from a natural area 9 
Moderate: 1 discharge from a developed area or 2 
discharges from a natural area 
6 
High: ≥ 2 discharges from a developed area or ≥3 from a 
natural area 
3 
 
 
Attribute 3:  Habitat 
 The third and final attribute of the Mid-TRAM is habitat.  Wetlands 
provide extensive habitat for rare and habitat-selected animals.  They are 
home to an array of animals and plants and they are dependent on 
resources provided by the wetland including vegetative structure and 
standing water.  These habitats provide nursery for young animals, food 
and shelter, as well as breeding grounds.  The habitat attribute is 
composed of five metrics, all of which are measured within the 
assessment area, 50 meter circle around study sites (Jacobs et al, 2010). 
 
Table 10: Point Sources 
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Metric 1: Bearing Capacity 
 Bearing capacity assesses the below-ground stability of the wetland 
with the assumption that as a wetland deteriorates due to natural and 
anthropogenic influences, below- ground organic material and the soil 
bearing capacity will also decrease.  The bearing capacity is measured by 
measuring the penetration of a capped 2 inch PVC tube into the wetland 
soil surface by force from a slide hammer.  This measurement is taken at 
eight places at even intervals throughout the assessment area.  The slide 
hammer is applied five times at each site and the final blow is subtracted 
from the initial blow.  The average of the final minus the initial blow is 
taken for all four sites and scored accordingly by table 11 (Jacobs et al, 
2010). 
 
 
Average of Final-Initial Over the Four Sub Plots Rating 
≤1.8 12 
1.9-4.0 9 
4.1-6.2 6 
>6.2 3 
 
 
Metric 2: Horizontal Vegetative Obstruction 
 Horizontal vegetative obstruction measures the amount of visual 
obstruction of vegetation at three different levels and records the dominant 
Table 11: Bearing Capacity 
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plants at those levels.  A one meter profile board is used and divided into 
10 even sections.  An observer stands four meters away and records how 
many of the 10 sections they can see at three height intervals: 0.25 
meters, 0.5 meters and 0.75 meters.  This measurement is recorded at 
four sub plots within the assessment area.  The average is taken in four 
sub plots and scored according to table 12 (Jacobs et al, 2010). 
 
 
Average of Four Sub Plot Totals Rating 
<7 12 
<12≥7 9 
<22≥12 6 
>22 3 
 
Plant Community Worksheet 
 The next two metrics are calculated by completing the plant 
community worksheet.  The plant community worksheet is evaluated by 
walking the entire 50 meter assessment area to determine the plant 
species found in the assessment areas at various heights: floating, short 
(<0.3m), medium (0.3-0.75m), tall (0.75-1.5m) and very tall (>1.5m).  The 
plants found in each level are recorded and as invasive or co-dominated 
(compromising >10% of that layer), if necessary (Jacobs et al, 2010). 
 
Table 12: Horizontal Vegetative Obstruction 
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Metric 3: Number of Plant Layers 
 Metric three evaluates the number of plant layers calculated in the 
plant community worksheet.  The number of plant layers of varying heights 
in the AA is recorded, and only one species needs to be in the plant layer 
for it to count.  The numbers of plant layers are given scores according to 
table 13 (Jacobs et al, 2010). 
 
 
Alternative States Scoring 
4-5 Layers 12 
2-3 Layers 9 
1 Layer 6 
0 Layers 3 
 
  
Metric 4: Percent Co-dominate Invasive Species 
 Co-dominate species are plants that represent greater than 10% of 
the plant height layer that they are found in.  Plants can be co-dominate in 
more than one layer if they are found to be greater than 10 percent in 
each of the layers.  The number of native and non-native co-dominate 
species are summed, then the number of non-native co-dominate species 
are divided by the total number of co-dominant species and scored 
according to table 14 (Jacobs et al, 2010). 
 
Table 13: Number of Plant Layers 
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Alternative States Scoring 
0-15% 12 
16-30% 9 
31-45% 6 
46-100% 3 
 
Metric 5: Percent Invasive 
 The last metric calculates the estimated percent of invasive species 
found within the 50 meter assessment area.  Scoring of the invasive 
species in the assessment area is estimated by percent and the scoring 
cut-offs can be found in table 15 (Jacobs et al, 2010). 
 
 
Alternative States Scoring 
0 12 
1-25% 9 
26-50% 6 
>50% 3 
 
 
 
 
 
 
 
Table 14: Percent Co-Dominate Invasive species 
Table 15: Percent Invasive 
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Survey Point Characterization 
Prior to visiting each of the candidate 30 sites, the location 
coordinates were added 
into a GIS (black dots) 
with current aerial 
photographs displayed as 
the data frame.  The sites 
were subsequently 
assigned a 50 meter 
buffer (red circle) and a 
250 meter buffer (green 
circle) using the buffer 
tool in the Arc toolbox 
found in the software 
ArcGIS 10 (See Figure 2).  All metrics tested in the Mid-TRAM are found 
within the boundaries of either the 50 meter buffer, known as the 
assessment area or the 250 meter buffer, known as the landscape buffer.   
 Some metrics assessed in the Mid-TRAM are completed in a GIS 
prior to the landscape survey.  The metrics that require computation prior 
to the field survey are: Percent of AA Perimeter with 5m- Buffer; Average 
Buffer Width; Surrounding Development; Barriers to Landward Migration; 
Ditching & Draining; Fill & Fragmentation; Wetland Diking/Tidal Restriction 
Figure 2:  Tidal Wetlands chosen marked by two 
buffers: 50 meters (red) and 250 meters (green) 
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and Point Sources.  Their descriptions, methodology and scoring charts 
can be found in the section prior 
 
Field Assessment 
The Mid-TRAM requires a site assessment for each of the study 
sites within a watershed for a portion of the metrics being surveyed.  
Metrics requiring a ground survey are 250m Landscape Condition, 
Bearing Capacity, Vegetative Obstruction, Number of Plant Layers, 
Percent Invasive and Percent Co-dominant Invasive Species.  Their 
descriptions and methodology needed are found in the section above.  
Site evaluations take a team of 2-3 trained wetland ecologists with 
knowledge of local vegetation and takes approximately 2 hours.   
The site is located by entering the coordinates received by the 
GRTS survey design into a handheld GPS.  Once finding the center point 
of the site, a characterization of the site is needed.  The information 
gathered about the site can be found in table 16. 
 
 
SITE NAME SITE NUMBER 
TIDAL STAGE DATE AND TIME 
FIELD CREW PHOTOS 
SALINITY ASSESSMENT AREA SKETCH 
COMMENTS WATERSHED/SUB-WATERSHED 
WETLAND TYPE (choose between  
natural, establishment, re-established, 
enhancement or rehabilitation)  
WETLAND SHAPE AND LOCATION 
(choose between marine, fringing, estuarine 
or back barrier tidal fringe) 
 
Table 16: Site Characteristics  
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Figure 3: Sub-plot and transect figure (Jacobs et 
al, 2010)  
 
 
  
 
 
 
 
 
 
 
 After finding the site, four 50 meter transect tapes are drawn and 
are set up perpendicular to one another.  Transects are labeled 1-4, with 
transect one running towards the nearest open water.  At the center point, 
a soil dredge is completed using a shovel to determine the depth of the 
organic matter.  The salinity is taken using a standard hydrometer.  
Photographs are also taken from the center point at each direction along 
the transect lines.   
 Two sub-plots are placed on each of the four transect tapes and 
labeled chronologically from 1-8.  Sub-plots 1, 3, 5 and 7 are found on the 
25 meter mark on each of the four transects.  Sub-plots 2, 4, 6 and 8 are 
found at the 50 meter mark on each of the four transect tapes.  An 
example of a site location, transect lines and sub-plots can be found in 
figure 3. 
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  Each of the four transects are walked in order to observe the 
dominant native and non-native plant species, and at what heights those 
plants are found at.  While walking the transects, surveyors are also noting 
any fill piles, ditching, diking, point sources and overall vegetation cover.  
At all eight sub-plots, the bearing capacity metric is measured using the 
slide hammer, as described in the above section.  At sub-plots 1, 3, 5 and 
7 at the 25 meter mark, vertical obstruction metric is measured and 
scored.   
 
Qualitative Disturbance Rating 
Immediately finishing the site visit, the team of scientist completes 
the quality disturbance rating (QDR).  Through observation of physical 
characterizations and alterations to the vegetation, soils, hydrology in the 
wetland site, and the land use surrounding the site, assessors determine 
the level of disturbance  Using best professional judgment, QDR scores 
are assigned a number of 1 to 6, with 6 being the most disturbed.  The 
QDR scores are used to sort and measure the levels of stress each site 
has within the watershed and therefore is very important to the overall 
scoring of the sites.  The scores are independent of the attribute and 
overall condition scores calculated in the Mid-TRAM.  Table 17 details the 
description and coordinating value for the levels of disturbance. 
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Minimal Disturbance 
Category (QDR 1 or 2) 
Natural structure and biotic community 
maintained with only minimal alterations. 
Moderate Disturbance 
Category (QDR 3 or 4) 
Moderate changes in structure and/or the 
biotic community. Moderate disturbance sites 
maintain some components of minimal 
disturbance sites such as unaltered 
hydrology, undisturbed soils and micro-
topography, intact landscape, or 
characteristic native biotic community despite 
some structural or biotic alterations. 
High Disturbance 
Category (QDR 5 or 6) 
Severe stressors in structure and/or the biotic 
community. High disturbance sites have 
severe alterations to the vegetative 
community, hydrology and/or soils. This can 
be a result of one or several severe 
alterations or more than two moderate 
alterations. These disturbances lead to a 
decline in the wetland’s ability to effectively 
function in the landscape. 
 
 
 
Data Analysis and Calculations 
Mid-TRAM Scoring 
 Each of the metrics measured in the Mid-TRAM are given a score 
of 3, 6, 9 or 12 (see methods).  They are recorded in their corresponding 
attributes in the data sheet (see Table 18) and are weighed to produce a 
condition score for that attribute.  The calculations for obtaining the 
attribute condition score can be found on figure 18.  The three attributes: 
Buffer/Landscape, Hydrology and Habitat are averaged to produce a final 
overall condition score.  Therefore, each site within a watershed is given a 
Table 17: QDR scoring description 
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percent Buffer/Hydrology condition score, a percent Hydrology condition 
score, a percent Habitat condition score and a percent Overall condition 
score.       
 
  
 
Qualitative Disturbance Rating Scoring 
Sites are then labeled as being not or minimally, moderately or 
severely stressed by using a combination of their attribute or overall 
condition scores and their QDR scores.  To calculate not or minimally 
stressed sites, the sites are sorted by their QDR scores and sites that 
have a score of 1 or 2 are highlighted and extracted.  Next, those 
Table 18: Attribute Condition Score Equations (Jacobs, et al, 2010 
Table 18: Attribute Condition Score Equations (Jacobs, et al, 2010 
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extracted sites are sorted by their overall condition score and the 25th 
percentile is calculated and recorded.  For example, if the overall condition 
scores for all sites that have a QDR of 1 or 2 had a range of scores from 
88 to 100, the 25th percentile would be  ((100-88) * 0.25).   
To calculate severely stressed sites, first, sort sites by their QDR 
and highlight all sites with a QDR of 5 or 6.  Those sites are extracted and 
next sorted by their overall condition scores.  The 75th percentile is 
calculated of those extracted sites and recorded.  For example, if the 
range of scores with a QDR of 5 or 6 is 50 to 70, the 75th percentile would 
be ((70-50) * 0.75).   
Once the 25th and 75th scores are calculated, you re-sort all 30 sites 
by their overall condition score.  Sites that are minimally stressed are 
calculated by ((Highest Score) - (25th percentile) and the severely stressed 
are calculated by ((Lowest Score) + (75h percentile)).  Therefore sites that 
don’t have a QDR of 1 or 2 could still be considered minimally stressed 
and sites that don’t have a QDR of 5 or 6 can still be considered severely 
stressed.  Any site that falls outside those criteria is moderately stressed.  
This process is repeated for each of the three attribute scores.  These 
condition breakpoints are used to sort sites throughout the watershed to 
determine their spatial relationship within the watersheds.   
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Results 
 Figures 4-7 represent the raw score breakdown of each of the three 
Mid-TRAM attributes: Buffer, Hydrology and Habitat as well as the overall 
condition by watershed.  These figures show the distribution of their mid-
TRAM scores independent of the weight of the QDR.     
 
 
Figure 4: Distribution of 
Buffer Scores 
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Figure 5: Distribution of 
Hydrology Scores 
Figure 6: Distribution of 
Habitat Scores 
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In Figure 4, the Broadkill River Watershed is skewed towards the 
right indicating that it has the highest  buffer scores compared to the 
Maurice and St Jones.  The St Jones is skewed towards the left indicating 
that it has the most degraded overall buffer condition. The Maurice River 
has a very linear trend and not much variability in the scores for the buffer, 
indicating that the buffer condition is site specific.   
Figure 5 shows the distribution of the hydrology condition among 
the study watersheds.  Again, the Broadkill River Watershed is skewed 
towards the right indicating higher scores for the hydrology condition.  The 
St Jones is driven towards the tails, meaning that it has both very high and 
very poor condition scores for hydrology.  The Maurice River Watershed is 
Figure 7: Distribution of 
Overall Condition Scores 
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also slightly skewed to the right, but does not have high peaks in any 
particular area, therefore has limited variability for hydrology scores.   
Habitat condition scores are shown in Figure 6.  Habitat condition 
scores show a distinct curve.  Habitat scores are at its peak in the middle 
and diminish as it reaches higher scores.  Habitat is not as variable among 
the watersheds comparatatively, therefore the scores are more evenly 
distributed among the watersheds compared to the other two mid-TRAM 
attirubtes: Buffer and Hydrology.     
 Lastly, Figure 7 shows the overall condition scores, the average of 
the three attribute scores, for the study watersheds.  This figure shows 
that the Broadkill is less variable with no tails of high or low condition 
scores.  It is distributed towards the average scores.  The Maurice River 
watershed has both high and low condition scores; however, its peaks are 
not showing any range of scores that are dominant over others.  It is 
evenly distributed throughout the score ranges.  The St Jones River 
watershed is clearly dominated by a score range of 80-90.  It does show 
some sites towards the tails of high and low condition scores, but overall is 
dominated in one score range.   
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Watershed Assessment 
 Using the both raw and ranked data, the watershed’s scores are 
compared by both their attribute and overall scores.  This next section 
looked at the current health and condition weighted and ranked by QDR of 
each watershed comparatively at the watershed scale.  Using QDR to 
rank, sort and weigh the sites, each attribute was given a rating of 
minimally, moderately or severely stressed and their location in the 
watershed is looked at to determine any spatial trends.    
 
St Jones 
Buffer 
 Figure 8 shows the mean buffer metric distribution for the St Jones 
River Watershed.  The description and scoring technique for each of these 
buffer metrics can be found in Table 1.   The highest metric score is 
percent of the assessment area with a five meter buffer.  The lowest 
metric score for buffer is 250 meter landscape condition.  Figure 9 shows 
the distribution of the percent condition buffer scores for the St Jones 
River Watershed.  The mean buffer condition score for the St Jones is 
75.78%.     
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Figure 8:  Average Buffer Metric Scores, St Jones  
Figure 9: percent buffer scores, St Jones 
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For the St Jones, the weighted buffer scores found that 50% of 
sites were moderately stressed, 17% of sites were severely stressed and 
33% of sites were minimally stressed.   Spatially, two of the most stressed 
sites for the buffer scores were found to be within a large impoundment 
along the north stretches of the wetland boundary along the coast line.  
Another site that was found to be severely stressed is near a major 
highway.  Minimally or not stressed sites seem to be found east of the 
major highway in the St Jones River Watershed, toward the shore of the 
Delaware Bay.   
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Severely 
stressed sites 
at an 
impoundment 
Major Highway- minimally 
stressed sites mainly found 
east of it towards the 
shore; severely stressed 
sites found near highway 
Figure 10: spatial distribution of ranked buffer 
scores, St Jones 
80 
 
 
Hydrology 
  The hydrology metrics for the St Jones are graphed in Figure 11.  
The highest score was point sources, meaning that the St Jones is 
relatively vacant of point sources in their tidal wetlands.  The lowest score 
was diking indicating that the St Jones is impacted with impoundments 
and tidal restrictions. Their descriptions and scoring methodologies can be 
found in Table 1.  Figure 12 shows the distribution of the percent 
hydrology condition scores for the St Jones River Watershed.  The mean 
hydrology condition is 84.722%.  
 
 
 
Figure 11: Average Hydrology 
Metric Scores, St Jones  
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The St Jones River Watershed is nearly split even with sites being 
moderately stressed and minimally stressed.  Only 3% of sites were found 
to be severely stressed in the hydrology attribute.  43% of sites were 
found to be \minimally stressed.  54% were moderately stressed.  The 
distribution of the sites that are minimally stressed and moderately 
stressed is very distinct.  Moderately stressed sites are found closer to the 
shore of the Delaware Bay.  Not or minimally stressed sites are found 
closer to upland habitats.  Hydrology condition is dependent upon 
stressors such as impoundments and diking.  The severely stressed site 
found in this watershed is within a 300 meter buffer of a tide gate, a 
hydrologic alteration.  The moderately stressed sites are found within a 
large impoundment.  See Figure 13 for specific areas of interest.  
 
Figure 12: Percent Hydrology Scores, St Jones 
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Severely 
stressed 
found at a 
tide gate 
Sites within an 
impoundment 
Trend of not or minimally 
stressed sites west of the 
highway 
Figure 13: Spatial distribution of ranked 
Hydrology Score, St Jones 
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Habitat 
  The distribution of average habitat metric scores can be found in 
Figure 14.  The descriptions of the habitat metric scores can be found in 
table 1.  The scoring breakdowns can be found in the methodology section 
of this study.  Figure 15 display the percent habitat condition scores for the 
St Jones.  The mean habitat condition score is 68 %. 
 
 
 Figure 14: Average Habitat 
Metric Scores, St Jones 
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 In the St Jones River watershed, almost three-fourths of sites were 
found to be stressed.  13% of sites were considered to be severely 
stressed.  A little over a quarter of sites, 27%, were found to be not or 
minimally stressed.  In the St Jones, there is no distinct spatial pattern 
indicating a trend in distribution of moderately or severely stressed sites.  
Habitat score is contingent on the dominance of native and non-native 
plants, and their extent within the landscape buffer.  Therefore, habitat 
condition distribution in the St Jones is site specific and sporadic.  Near 
the large impoundment, there are stressed sites.  Impoundments are 
notorious for the presence of non-native plant species.  On the contrary, 
minimally stressed sites appear to  be forming in groups around one 
another.  This indicates that when there is minimally stressed sites, the 
Figure 15: Percent Habitat Scores, St Jones  
85 
 
 
landscape around it stretches to some extent to include other sites as 
minimally stressed.  The minimally stressed sites are occuring on the 
outskirts of the wetland line toward upland communities.   
 
 
Groups of minimally stressed sites 
near the upland boundary.  These 
sites are found near agricultural land 
Minimally and severely 
stressed sites together- 
indicating that it is very site 
specific 
Figure 16: Spatial distribution of 
ranked Habitat Scores, St Jones 
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Broadkill  
Buffer 
 Figure 17 shows the average metric scores for the buffer attribute 
for the Broadkill River. Table 1 summarizes each of the buffer metrics.  
The highest buffer score is percent assessment area with five meter 
buffer.  The lowest buffer metric score is the 250 landscape condition.  
Figure 18 shows the distribution of the percent buffer scores for the 
Broadkill.  The average buffer condition score is 78.6%.   
 
 
 Figure 17: Average Buffer metric 
scores, Broadkill  
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The Broadkill River Watershed had 14% severely stressed, 34% 
minimally stressed and 52% moderately stressed.  Not or minimally 
stressed sites seem to be located in the middle of the watershed, not near 
the shoreline or the upland line.  The shoreline is dominated with houses 
and modaretely and severely stressed sites are found near the shoreline.  
Severely stressed sites are also found near major roadways or upland 
areas.   
 
Figure 18: Percent Buffer Scores, Broadkill  
88 
 
 
 
 
 
 
 
Stressed sites near 
coastal housing areas 
and road ways that 
interfere with wetland 
buffers 
Protected minimally 
stressed sites 
Figure 19: Spatial distribution of ranked 
Buffer scores, Broadkill  
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Hydrology 
 The hydrology average metric scores can be found in Figure 20.  
The highest metric score is point sources and the lowest metric score is 
ditching and draining, indicating the Broadkill River is impacted with high 
levels of ditching.  The distribution of the percent hydrology scores for the 
Broadkill is in Figure 21.  The average hydrology score for the Broadkill is 
79.89%.   
   
 
 
 Figure 20: Average Hydrology Scores, Broadkill  
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31% of sites in the Broadkill River are minimally stressed.  
However, the hydrology attribute had the largest percent of severely 
stressed sites compared to the other two attributes in the Broadkill River 
Watershed with 21% of the sites being severely stressed.  Almost half of 
the sites are moderately stressed.  The distribution of these sites can be 
found in Figure 22.  The severely stressed sites are found near large fill 
piles.   
Figure 21: Percent Hydrology Scores, 
Broadkill  
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A minimally and a 
severely stressed 
site found close to 
each other- 
severely site is 
tidally restricted by 
a a winding road 
found within the 
buffer- the 
minimally site is 
protected from the 
road 
All three severely 
stressed sites have 
fill piles within the 
assessment area 
Although close to another, 
the presence of large 
ditches and a fill pile 
determined one site to be 
severely stressed 
hydrologically 
Figure 22: Spatial distribution of ranked 
Hydrology scores, Broadkill 
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Habitat 
  The habitat average metric scores can be found in Figure 23.  The 
descriptions for the habitat metrics can be found in table 1.  The average 
percent habitat score is 64.4%.  Each sites’ habitat condition scores is 
plotted in Figure 24.  Habitat condition scores range from 33.333% to 
100%.  This indicates that the habitat condition is site specific and varies 
significantly throughout the Broadkill watershed.   
 
 
 Figure 23: Average Habitat Scores, 
Broadkill 
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Habitat condition for the Broadkill River shows that 97% of sites in 
the watershed sampled are stressed.  3% of sites are minimally stressed 
and 4% of severely stressed; the remaining 93% are moderately stressed.  
Because the majority of sites are moderately stressed, there is no pattern 
spatially indicating a trend in habitat condition.  However, because there is 
no trend, it can be assumed that the Broadkill is intermediately dispersed 
with a collection of non-native plants throughout its watershed.  This data 
shows that there is an even disperal of non-native plants throughout the 
watershed, therefore habitat condition is not site-specific, but affecting the 
watershed as a whole.    
Figure 24: Percent Habitat Scores, 
Broadkill  
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Even dispersal of 
moderately stressed 
sites throughout the 
watershed 
Figure 25: Spatial distribution of ranked 
Habitat scores, Broadkill 
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Maurice 
Buffer 
 The average buffer metric scores for the Maurice River Watershed 
can be seen in Figure 26.  The calculated percent buffer scores for all 30 
sites in the Maurice River can be found in Figure 27.  The average percent 
buffer score for the Maurice River is 72.67%. 
 
 
 
Figure 26: Average Buffer Scores, 
Maurice  
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80% of sampled sites in the Maurice River were deemed stressed 
in the buffer attribute category.  13% of those sites are severely stressed, 
67% moderately stressed and 20% minimally stressed.  The severely 
stressed buffer condition sites are found throughout the watershed near 
major roadways that are completely encompassing the wetland site and its 
300 meter buffer.  The severely stressed sites are along the boundary 
where the upland line meets the coastal wetland boundary.  The minimally 
stressed sites are found toward the main channel of the Maurice River, 
protected from hardened surfaces and roadways in the towns nearby.   
 
Figure 27: Percent Buffer 
Scores, Maurice  
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Major roadway 
intersecting within 
the wetland buffer 
zone 
Protected minimally 
stressed sites 
Found along upland 
boundary without a 
protected buffer, 
roadway within buffer 
Development found 
within the 300 meter 
buffer 
Figure 28: Spatial distribution of 
Buffer scores, Maurice 
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Hydrology 
  The average hydrology metric scores for the Maurice River 
Watershed are found in Figure 29.  The scores for this category are 
ranked high.  The calculated hydrology condition scores for the Maurice 
River Watershed are found in Figure 30.  The scores are high for this 
category indicating that the hydrology condition is stable in the Maurice.  
The average percent hydrology condition score is 89.72%. 
 
 
 
Figure 29: Average Hydrology 
Metric Scores, Maurice  
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Hydrology condition scores in the Maurice River Watershed is 
dominated by not or minimally stressed sites.  70% of sites were minimally 
stressed, 20% were moderately stressed and 10% were severely 
stressed.  There is a disperal trend in the Maurice River Watershed for 
stressed sites hydrologically.  Moderately stressed sites are found near 
the town where impoundments or bulkheading is likely.  Severely stressed 
sites are more site specific and commonly are found within a man made 
impoundment.  See Figure 31 for details.   
 
Figure 30: Percent Hydrology Scores, Maurice  
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Constructed 
wetland with 
large ditches 
Large fill pile 
and 
impoundment 
causing tidal 
restriction 
Impounded 
site 
Figure 31: Spatial distribution of ranked Hydrology 
Scores, Maurice 
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Habitat 
 The average habitat metric scores for the Maurice River Watershed 
are found in Figure 32.  The summary of the descriptions of the habitat 
metrics can be found in Table 1.  The calculated percent habitat scores for 
all 30 sites can be found in Figure 33.   The average percent habitat score 
for the Maurice River is 65.78%. 
 
  
 
 Figure 32: Average Habitat Metric Scores, 
Maurice 
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Habitat condition was found to have 10% of sites minimally 
stressed, 70% of sites moderately stressed and 20% of sites severely 
stressed.  Spatially, severely stressed sites are only found in the lower 
reaches of the tidal wetlands towards the mouth of the Delaware Bay.  
The severely stressed sites are found in groups indicating that there are 
contiguous stands of non-native plant species such as P. australis.  
Minimally stressed sites are also found towards the Delaware Bay on the 
Maurice River.  There are no trends for minimally stressed sites on their 
locality in the watershed.  These sites are found dominated by native 
species.  This map indicates that native plant diversity is patchy 
throughtout coastal wetlands within the watershed.   
Figure 33: Percent Habitat 
Scores, Maurice  
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West side of large creek is 
dominated by invasive P. 
australis, east side of 
creek is dominated by 
native plants, causing 
difference is site stress; 
possibly influenced by 
silica plant 
Sites dominated with 
invasive species, 
mostly P. australis, 
severely affecting the 
habitat condition 
score 
Figure 34: Spatial distribution of 
ranked Habitat Scores, Maurice 
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Overall Condition Score 
 Overall condition averages the three attribute scores: 
buffer/landscape, hydrology and habitat and weighs them by QDR to label 
them as minimally, moderately or severely stressed.  Comparing the 
watersheds, the St Jones has seventy percent of sites being stressed, 
10% of those being severely stressed.  The Broadkill River has 86% of 
sites being stressed but only 3% being severely stressed.  The Maurice 
River Watershed has 87% of sites being stressed with 27 % being 
severely stressed.  Figures 35-37 show the breakdown of these scores.   
Comparably, the Maurice River watershed dominates as being the 
most stressed.  The St Jones River watershed is least stressed.  However, 
the St Jones River Watershed has more severely stressed sites with ten 
percent of sites being severely stressed while the Broadkill has only three 
percent being severely stressed.  These trends indicate that the Broadkill 
River is more moderately stressed with less extremes.  The Maurice River 
has a lot of severely stressed sites indicating that when these sites are 
stressed, they are very poor in condition.  The St Jones has most overall 
not or minimally stressed sites throughout coastal wetlands in the 
watershed.   
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Figure 35: Percent distribution of Overall 
Condition Scores, St Jones 
Figure 36: Percent distribution of Overall 
Condition Scores, Broadkill 
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Spatially, there are patterns for predicting where severely stressed 
sites are found.  Severely stressed sites are found throughout the 
watersheds in areas where there are areas of substantial hydrological 
impairments such as large ditches, human impoundments or large 
hardened surfaces preventing wetland migration and tidal restricting the 
area.  These severely stressed areas are intermediate or completely 
dominated by non-native species and are near the boundaries between 
the tidal wetland line and the upland line, usually where development is. 
 The maps below show the distribution in each of the three study 
watersheds where not or minimially stressed, moderately stressed and 
severely stressed sites are located.  Looking at the larger picture, the 
Figure 37: Percent distribution of Overall 
Condition Scores, Maurice 
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shape and configuration of the coastal wetlands within the study 
watersheds may have some input on the stress levels of the coastal 
wetlands.  One observation is that the Broadkill River Watershed is more 
linear, unlike the Maurice River and St Jones River watersheds whose 
coastal wetlands follow the meanders of the river.  The shape of the 
coastal wetlands in the study watersheds may impact the variability in the 
levels of stressed sites found within the study areas.  The Maurice River 
Watershed and the St Jones River Watershed have an intermediate mix of 
not or minimally stressed sites and severely stressed sites; however the 
Broadkill River Watershed is less dynamic with outliers.  This could be 
directly related to the configuration of these coastal wetlands.   
 Figures 38-40 have detailed text boxes explaining or noting 
particular ares of interest that may play a part in the site specific reasons 
for being denoted as severely stressed or not/minimally stressed.   
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Site found in large 
impoundment with 
unstable soils and low 
plant height diversity- 
moderately stressed sites 
found within large 
impoundment had more 
plant vertical and 
horizontal diversity  
Hydrologically 
impaired with fill 
in the soil 
column and a 
culvert going 
underneath 
Impoundment for 
waterfowl hunting 
in buffer, lots of fill 
and surrounded by 
heavy 
development 
Figure 38- Spatial Trends in Overall 
Condition Scores, St Jones 
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Buffer surrounded 
by development, 
ditches in 
assessment area 
poor overall 
landscape 
condition, tidally 
restricted due to 
development 
Minimally 
stressed sites 
dominated by 
native vegetation, 
low levels of 
ditching and 
protected buffers 
Figure 39: Spatial Trends in Overall 
Condition Scores, Broadkill 
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Development within 
the assessment area 
and the 300 meter 
buffer; very pool soil 
stability  
Over half of the 
vegetation is non-
native in these 
three severely 
stressed sites 
Constructed wetland 
with large ditches, 
pool soil stability and 
point sources within 
300 meter buffer 
Development in 
assessment 
area with 
intermediate mix 
of non-native 
species 
Dominated by 
non-native 
species, large 
tidally restricting 
fill piles in 
assessment area 
Figure 40: Spatial Trends in Overall 
Condition Scores, Maurice 
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Delaware Estuary 
 Using QDR to sort and weigh the sites within a watershed is a good 
way to measure spatially the extent of stressed site and their location in 
the watershed.  Using QDR to sort and weight all 89 site comparably at an 
estuarine scale did not prove substantial.  As the sample size increases, 
the variability of the outliers: minimally stressed or severely stressed 
decreases.   
 
Discussion 
 
Principal Component Analysis 
 A principal components analysis was conducted in Statgraphics  to 
determine the weights and relationship of each metric in their 
corresponding attributes: buffer/landscape, hydrology and habitat.  The 
metrics can be found in the methods section of study one.  Figure 41 
shows the cumulative weights of all the study metrics, however, the most 
important relationships that are looked at in the principal components 
analysis is the weights each metric had with their corresponding condition 
attribute.   
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Buffer 
 A principal components analysis was completed on the five metrics 
of the buffer attribute (see methods, table 1) to determine the specific 
weights each metric had on the overall buffer condition score.  Table 19 
and figure 42 show the distribution of these weights.  According to this 
PCA, all five metrics are evenly weighted, therefore, no metric should be 
excluded in the methodology.   
 
 
 
 
Figure 41: Total Metric PCA plot 
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Principal Components Analysis
Data variables: 
     B1
     B2
     B3
     B4
     B5
Data input: observations
Number of complete cases: 89
Missing value treatment: pairwise
Standardized: yes
Number of components extracted: 5
Principal Components Analysis
Component Percent of Cumulative
 Number Eigenvalue Variance Percentage
1 2.26717 45.343 45.343
2 1.29374 25.875 71.218
3 0.618432 12.369 83.587
4 0.432321 8.646 92.233
5 0.388344 7.767 100.000
The StatAdvisor
This procedure performs a principal components analysis.  The purpose of the analysis is to obtain a small 
number of linear combinations of the 5 variables which account for most of the variability in the data.  In this 
case, 5 components have been extracted as requested.  Together they account for 100.0% of the variability in the 
original data.
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Hydrology 
A principal components analysis was done on the four metrics of 
the hydrology attribute (see methods, table 1) to determine the specific 
weights each metric had on the overall hydrology condition score.  Table 
20 and figure 43 show the distribution of these weights.  According to this 
Table 19: PCA Table, Buffer Attribute 
Figure 42: PCA, Buffer Attribute 
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PCA, three of the four metrics are evenly weigheted.  Metric H1, ditching 
and draining, has a higher percent of variance, making up 40% of the 
cumulative percentage. 
 
Principal Components Analysis
Data variables: 
     H1
     H2
     H3
     H4
Data input: observations
Number of complete cases: 89
Missing value treatment: p irwise
Standardized: yes
Number of components extracted: 4
Principal Components Analysis
Component Percent of Cumulative
 Number Eigenvalue Variance Percentage
1 1.60445 40.111 40.111
2 1.02966 25.742 65.853
3 0.814019 20.350 86.203
4 0.551865 13.797 100.000
The StatAdvisor
This procedure performs a principal components analysis.  The purpose of the analysis is to obtain a small 
number of linear combinations of the 4 variables which account for most of the variability in the data.  In this 
case, 4 components have been extracted as requested.  Together they account for 100.0% of the variability in the 
original data.
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Habitat 
A principal components analysis was done on the five metrics of 
the habitat attribute (see methods, table 1) to determine the specific 
weights each metric has on the overall hydrology condition score.  Table 
Table 20: PCA Table, Hydrology Attribute 
Figure 43: PCA, Hydrology Attribute 
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25 and figure 44 show the distribution of these weights.  According to this 
PCA, two of the five metrics have low cumulative precentages: HB4 and 
HB5.  These metrics are dependent on each other and both measure the 
percent invasive species; however HB4 looks at the percent co-dominant 
invasive species.  These metrics are very similar, therfore their low 
cumulative percentage is not a surprise in this PCA.  
 
 
Principal Components Analysis
Data variables: 
     HB1
     HB2
     HB3
     HB4
     HB5
Data input: observations
Number of complete cases: 86
Missing value treatment: pairwise
Standardized: yes
Number of components extracted: 5
Principal Components Analysis
Component Percent of Cumulative
 Number Eigenvalue Variance Percentage
1 2.05288 41.058 41.058
2 1.42613 28.523 69.580
3 0.980872 19.617 89.198
4 0.411723 8.234 97.432
5 0.128396 2.568 100.000
The StatAdvisor
This procedure performs a principal components analysis.  The purpose of the analysis is to obtain a small 
number of linear combinations of the 5 variables which account for most of the variability in the data.  In this 
case, 5 components have been extracted as requested.  Together they account for 100.0% of the variability in the 
original data.
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Ta l  21: PCA Table, Habi at Attribute 
Figure 44: PCA, Habitat Attribute 
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Ranked Sites 
 Ranking and weighing sites by their Qualitative Disturbance Rating 
is a meaningful way to determine their relative overall health within a 
watershed.  Weighing them against their corresponding study sites within 
a given watershed is an efficient way to determine the health of the 
wetland, as well as their specific attribute health. 
 Ranking and weighing sites by their Qualitative Disturbance Rating 
at an estuarine scale reduces the validity in the method.  Increasing the 
sample size decreases the variability of the ranking.  The method was 
originally designed to be used at a watershed scale, weighing 
approximately thirty study sites among each other.  This study attempted 
to increase the sample size in order to compare inter-estuarine sites, 
however increasing the sample size decreases the validity of this method.   
 This method is efficient in determining at a watershed scale the 
sites that are most stressed, as well as ranking watersheds “at risk” in 
order to prioritize restoration work.  On the contrary, I do not believe that 
using the QDR to sort, rank and weight sites by condition is applicable at a 
scale larger than at a watershed scale.  The sample size should not 
exceed 50 sites.  An addition study is recommended in order to develop a 
method for ranking and sorting sights across the estuary, at larger than a 
watershed scale.     
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Qualitative Disturbance Rating Trends 
 
.  The Qualitative Disturbance Rating (QDR) is an overall descriptive 
ranked score determining the general health and condition of the wetland 
within the landscape buffer.  The relationship that should be most 
correlated with the QDR Scores is the Overall Condition Scores.  They 
should be most related because both the QDR and Overall Condition 
Scores look at the overall health and condition of the wetland by 
combining the general findings from the buffer/landscape, hydrology and 
habitat scores.   
A series of graphs were made to determine the specific 
relationships between the QDR score and the attribute and overall 
condition score.   The relationship should produce a negative slope 
because the higher the QDR score should produce a lower condition 
score.  QDR score of 1 or 2 mean that they are not stressed.  The most 
significant relationship should be between the overall condition score and 
the QDR.  The QDR is a summary of physical site specific characteristics, 
therefore, should not be focused on any one attribute.   
 
St Jones 
 Figures 45-48 depict the relationship trends between the attribute 
and overall condition scores and the corresponding qualitative disturbance 
rating for the St Jones River Watershed.  The St. Jones River Watershed 
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overall condition score is most correlated with the QDR score with a r2 
value of 0.7485.  The least correlated attribute score with QDR for the St 
Jones River Watershed was habitat score.  They high variability in scores 
for habitat gives it a low r2 value of 0.3287. 
 
 
 
 
 
 
Figure 45: Trends between Buffer and QDR Scores, St Jones 
Figure 46: Trends between Hydrology and QDR Scores, St Jones 
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Figure 47: Trends between Habitat and QDR Scores, St Jones 
Figure 48: Trends between Overall and QDR Scores, St Jones 
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Broadkill River Watershed 
Figures 49-52 depict the relationship trends between the attribute 
and overall condition scores and their corresponding qualitative 
disturbance rating for the Broadkill River Watershed.  The Broadkill River 
Watershed habitat condition score is most correlated with the QDR score 
with a r2 value of 0.6297.  The overall condition score’s r2 value is 0.5521.  
The overall condition score’s lower r2 value is due to the high variability in 
the trends of the buffer condition score and the hydrology condition score 
and their relationship with the Qualitative Disturbance Rating.  The high 
variability of the buffer condition score and hydrology condition score can 
be seen graphically in figures 49 and 50.   
 
 
 
Figure 49: Trends between Buffer and QDR Scores, Broadkill 
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Figure 50: Trends between Hydrology and QDR Scores, Broadkill 
Figure 51: Trends between Habitat and QDR Scores, Broadkill 
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Maurice River Watershed 
The Maurice River Watershed’s relationship between the attribute 
scores and their Qualitative Disturbance Rating is graphed in figures 53-
56.  The Maurice River overall condition follows the prediction that it 
should be the most correlated with the QDR score.  It has an r2 value of 
0.6815.  The attribute that is most correlated with QDR is buffer.  The 
attribute that is least correlated with QDR is hydrology.  Hydrology has an 
extremely low r2 value of 0.0034.  There is a lot of variability in the scores 
of hydrology.  I believe that the r2 value is so low because of the “highs 
and lows” of the scores.  In the Maurice River watershed, hydrology 
condition scores seem to be either found to be really high with an 
Figure 52: Trends between Overall and QDR Scores, Broadkill 
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excellent condition rating or really low with a very poor condition rating.  
The two extremes are lowering the overall r2 value correlation with the 
QDR scores.   
 
 
 
 
 
Figure 53: Trends between Buffer and QDR Scores, 
Maurice 
Figure 54: Trends between Hydrology and QDR Scores, 
Maurice 
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Figure 55: Trends between Habitat and QDR Scores, 
Maurice 
Figure 56: Trends between Overall and QDR Scores, 
Maurice 
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Condition Scoring Trends 
 The next thing I tested was the relationship between each individual 
attribute and how it affects the overall condition score.  The condition 
score is an average of the three attributes: buffer/landscape, hydrology 
and habitat.  No one attribute should be contributing more or less to the 
overall condition score.  Their relationships (r2 values) should be similar.   
 
St Jones River Watershed 
Figure 57 shows the trends between the attribute condition scores 
and the overall condition scores for the St Jones River Watershed.  Buffer 
scores are shown in blue, hydrology scores are shown in red and habitat 
scores are shown in green.  Their r2 values are shown on the graph.   
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Broadkill River Watershed 
  
Figure 58 shows the trends between the attribute condition scores 
and the overall condition scores for the Broadkill River Watershed.  Buffer 
scores are shown in blue, hydrology scores are shown in red and habitat 
scores are shown in green.  Their r2 values are shown on the graph.   
 
 
Figure 57: Relationship between attribute and 
overall condition scores, St Jones  
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Maurice River Watershed 
Figure 59 shows the trends between the attribute condition scores 
and the overall condition scores for the Maurice River Watershed.  Buffer 
scores are shown in blue, hydrology scores are shown in red and habitat 
scores are shown in green.  Their r2 values are shown on the graph.   
 
 
Figure 58: Relationship between attribute and 
overall condition scores, Broadkill  
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Recommendations for Stakeholders 
 The Mid-TRAM is an effective of way for obtaining rapidly a 
watershed’s current wetland condition.  The Mid-TRAM also determines 
not only the coastal wetland’s overall health condition, but also describes 
the underlying physical, hydrological or biological drivers that may be 
determining these overall health conditions by providing researchers with 
attribute condition scores.  The Mid-TRAM is a good tool for prioritizing 
wetland restoration and enhancement sites providing stakeholders with 
the ability to priorize and rank the most important watersheds of interest, 
and give insight on the types of restoration they should choose (i.e. 
hydrological restoration or plant diveristy enhancement).   
Figure 59: Relationship between attribute and 
overall condition scores, Maurice  
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Summary 
Observations 
Coastal wetland condition in the Delaware Estuary are degraded 
and varies among the study watersheds.  Even though the overall coastal 
wetland condition is not highly variable among the study watersheds, the 
individual attributes making up the overall condition is highly variable.  
This indicates that coastal wetland condition is influenced by specific 
biological, physical, or hydrologic stressors.  
 Coastal wetland condition needs to be studied at no larger than a 
watershed scale.  As you look at coastal wetland condition at a larger 
intra-watershed estuarine scale, the variability is significantly reduced.  
The most signfiicant relationships of this study can be found in Table 26.   
 
 
 MOST STRESSED LEAST STRESSED 
BUFFER CONDITION SCORE Maurice St Jones 
HYDROLOGY CONDITION SCORE St Jones Maurice 
HABITAT CONDITION SCORE Broadkill St Jones 
OVERALL CONDITION SCORE Maurice St Jones 
 
   
Table 22: Summary of Results 
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STUDY TWO 
Introduction 
 Coastal wetlands have found to be degraded in representative 
watersheds in the Delaware Estuary (see study 1) (Kearney et al, 2002; 
Jacobs et al 2010, EP-C-09-020, 2010).  The driving factors for these 
degraded coastal wetlands may be influenced by physical, biological or 
hydrological stressors.  Land Use and Land Cover data in the Delaware 
Estuary show that there have been significant changes in land cover types 
in the Delaware Estuary.   
 In the Delaware Estuary, parallel-grid ditching was placed in coastal 
wetlands to control mosquito breeding.  Impoundments were common for 
salt hay farming and waterfowl hunting.  Shoreline armoring, such as bulk 
heading and rip-rap, have lined river channels for coastal development 
and erosion control (DELEP Report #95-01, 1995).  Other examples of 
human influenced land cover changes include nutrient maintained 
croplands, loss of forest for development, and increases in commercial 
and residential development.  
 
Objective and Approach 
 The objective of study two was to determine temporal changes of 
human influenced land use impacts and stressor abundance along a time 
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series in salt marshes of representative watersheds of the Delaware 
Estuary.  Study two measured and quantified changes in two wetland 
stressors along a time series: total open water and total hardened 
surfaces at each site within the landscape buffer, 300 radius circle buffer, 
at all three study watersheds: the St Jones River Watershed, The Broadkill 
River Watershed and the Maurice River Watershed.  Study two will 
determine the changes in land cover type that the Delaware Estuary has 
experienced by measuring the changes in distances from each study site 
to nearest land use types for each of the study watersheds along a time 
series.   
 I determined the changes in land use type and abundance in 
stressors by comparing current and historical aerial photographs in the 
study watersheds along four time series.  Quantifying and measuring the 
land use changes will give stakeholders the ability to understand the most 
important human impacted modifications that are going on within and 
around coastal wetlands in the Delaware Estuary.  The changes in 
stressors and land use type may have a direct impact on the health of 
current coastal wetland condition.   
Methods and Materials 
 
Site Selection 
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 The 89 sites used in study 1 (30 sites in the Maurice River 
Watershed, 30 sites in the St Jones River Watershed and 29 sites in the 
Broadkill River Watershed) were used for this study.  See methods in 
study 1 for methods on site selection.   
 
Aerial Photographs 
 Aerial photographs were collected for four time series in Delaware 
and New Jersey.  Each state flew at different times, therefore, I tried to 
match the time stamps as close to one another as possible.  In Delaware, 
aerial photographs were obtained from 1937, 1968, 1992 and 2007.  In 
New Jersey aerial photographs were obtained for 1930s, 1974, 1995 and 
2007.  These images were provided by the State’s geographical 
information systems department and are available for public access 
through their web services.  
 
 Decade Classifications  
 New Jersey and Delaware aerial photographs were flown at 
different times.  For the purpose of this project, I averaged the dates of the 
flights for years that did not match up and used the same year for dates 
that did align for the two states.  I classified the aerial photograph decades 
as decade 1931, decade 1970, decade 1995 and decade 2007.   
 
Delaware Aerial Images 
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 Aerial images were collected for the State of Delaware on the 
Delaware Data Mapping and Integration Laboratory (DataMIL) website.  
All images are projected under NAD 1983 HARN Delaware State Plane 
meters.  All georectifying was completed in ERDAS Imagine 8.7.    
Ground control points for the scanned 1937 and 1968 were created 
on the 1968 images using the 2002 digital orthophotography of Delaware 
as a reference.  The 2002 data was produced in false color infrared at a 
scale of 1:2,400 with a 1 foot pixel resolution.  The scanned images were 
then resampled to those points using the Display Resampled Image 
Dialog.  The ground control points were stored for each image tile along 
with the Control Point Error.  Resampled images were cropped to remove 
photograph borders, fiducial marks and distorted edges.  All metadata 
collected for the state of Delaware was obtained on the Delaware DataMIL 
website. 
 
1937 Delaware Aerial Images 
 The 1937 tiles are tagged image files (TIF) that were scanned by 
the State of Delaware.  These images were flown in 1937 by the 
Agricultural Stabilization and Conservation Services.  The original images 
were 9” x 9” black and white photographs.  The photographs were 
scanned at 300 dots per inch (dpi) on an 11 x 17” EPSON GT-15000 
scanner, as single band gray scale images The ground resolution of the 
1937 orthophotographs is 1.0 meters, 1700 x 1700 pixels and is 1-band.   
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1968 Delaware Aerial Images 
 The 1968 aerial photographs are similar to the 1937 aerial 
photographs of the State of Delaware.  The 1968 aerial photographs were 
flown by the Agricultural Stabilization and Conservation Service.  The 
original photographs were 9” x 9” paper copies and were scanned at 300 
dpi on an 11x17” EPSON GT-150000 scanner as single band gray scale 
images.  The ground resolution of the 1968 aerial images is 2.0 meters, 
850 x 850 pixels and is 1-band.   
 
1992 Delaware Aerial Images 
 The 1992 aerial photographs were contracted by the State of 
Delaware with PhotoScience Inc. to develop a 1-meter ground resolution 
color-infrared digital orthophotos for the entire state.  Aerial photographs 
were taken in March of 1992 at a scale of 1:12,000, digitized and 
georeferenced to Delaware State Plan Coordinates.  The source data are 
140 MB 24-bit color files for each of the 172 quarter- quads in Delaware.  
Images have at least 500 meter overlap and color palettes were 
brightened and adjusted for improved consistency using Adobe 
Photoshop.  The ground resolution of the 1992 orthophotos is 1.0 meter, 
1700 x 1700 pixels and is 3-band.   
 
2007 Delaware Aerial Images 
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 The 2007 Delaware aerial images are digital 0.25 meter 
orthophotos of the State of Delaware at a scale of 1:2,400 but are served 
being as 3-band red green blue (RGB), 8-bit format from the DataMIL site.  
The dates for the missions were 3/19/07, 3/29/07, 4/2/07, 4/3/07, 4/10/07, 
4/14/07, and 4/20/07.  The ground resolution for the 2007 orthophotos is 
0.25 meter, 6800 x 6800 pixels and is 3-band.   
 
New Jersey Aerial Images 
Aerial images for the State of New Jersey were obtained online at 
New Jersey Department of Environmental Protection, Bureau of GIS 
website and through personal contact with staff at the New Jersey 
Department of Environmental Protection.  Images collected online for the 
Maurice River Watershed include the years 1995 and 2007.  Images 
obtained by request of NJDEP staff are from the 1930’s and 1974.  All 
digital photographs are georeferenced in New Jersey State Plan Feet 
North American Datum 1983.  All metadata from the New Jersey images 
were collected on the New Jersey Department of Environmental 
Protection Bureau of GIS website.   
 
1930 New Jersey Aerial Images 
 The historical image data set is a mosaic of black and white 
photography of New Jersey from the early 1930’s.  The source imagery 
was hand cut to produce 241 mosaicked tile prints on linen backed paper.  
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This data set was produced by scanning these mosaicked tile prints at 400 
dpi and saving as TIFF images.  The scanned TIFFs had an approximate 
pixel resolution of 6.5 feet (about 2.0 meters).  The TIFFs were 
georeferenced image to image against the 1995/1997 color infrared digital 
orthophotos quadrangles.  The accuracy of the imagery is variable.  In 
some locations, the imagery is within 10 feet and in others the features are 
more than 200 feet off.  All paper image prints were scanned on the same 
Xerox 8825 scanner and processed in the same manner.  Minimal overlap 
of tiles was used to produce the single mosaic.  Since all tiles had different 
pixel sizes as a result of scanning, the average pixel size of 6.5 feet was 
used to create the single mosaic.   The 261 grids were mosaicked into a 
single grid with a 6.5 foot cell size.  The average ground resolution is two 
meters.  
 
1974 New Jersey Aerial Images 
 The 1974 images for the State of New Jersey were collected in the 
Spring (March and April of 1974).  The panchromatic aerial images were 
created to provide spatially-referenced imagery for use by the Site 
Remediation Bureau at NJDEP.  Photo transparencies were scanned at 
1200 dpi on an HP 10000XL scanner using the transparency adapter.  
Images were captured in uncompressed TIFF format, cropping the margin 
areas to remove the majority of the solid black boundaries.  The ground 
resolution is one meter. 
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1995 New Jersey Aerial Images 
 The 1995-1997 digital orthophotos quadrangles for New Jersey 
display 3- band false color infrared imagery were acquired under leaf-off 
conditions.  The primary digital orthophotoquad (DOQ) product of the US 
Geological Survey is a 1-meter ground resolution, quarter-quadrangle 
image cast on the UTM on the North American Datum of 1983.  Most of 
the imagery was collected in 1995 however some areas were required 
reflight in 1997.  Quarter quad images were reprojected to NJ State plane 
coordinates and converted to MrSID compressed formats and provided in 
a web map service.   
 
2007 New Jersey Aerial Images 
 Aerial images for the entire state of New Jersey were captured 
during March-May of 2007, during leaf-off conditions.  The 2007 digital 
orthophotography consists of 3 natural color bands and 3 band false color 
infrared.  Multi-spectral digital orthophotography was produced at a scale 
of 1:2400 (1”= 200’) with a one foot pixel resolution. 
 
Digitization 
 Total open water and hardened surfaces were digitized at each site 
in the landscape buffer around the study sites within the three study 
watersheds.  Shapefiles were created for each stressor at each site along 
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four time series.  Shapefiles were created in ArcGIS 10 and its spatial 
reference was set to the data source: the aerial images.  All calculations 
were completed within the boundaries of the buffer.  Due to image 
restrictions and ground resolutions, the smallest denomination of 
digitization could take place at two meters.   
 
Open Water 
 Open water was quantified by creating shapefiles in ArcGIS 10 for 
each site within the three study watersheds at all four time series.  Using 
the editor toolbar, points can be drawn and connected to make a polygon 
around any open water body- tidal or non-tidal greater than two meters 
wide to capture its total square meters. Examples of open water include 
ditches, rivers, tidal creeks, natural ponds, geese “eat-outs” and man-
made ponds. This process was repeated for every site in the study 
watersheds at each time series.  The corresponding aerial photographs 
were used as a base map for each of the four time series.   
 
Hardened Surfaces 
 Hardened surfaces were quantified by creating shapefiles in 
ArcGIS 10 for each site within the three study watersheds at all four time 
series.  Using the editor toolbar, points can be drawn around any 
hardened structure greater than two meters wide to create a polygon.  
Examples of hardened structures include paved roads, building, bridges, 
139 
 
 
docks/piers and houses.  Hardened structures that were not capture 
include rip-rap, bulkhead and dirt/farm roads. Shoreline control measures 
were not captured because they would not be identifiable in older aerial 
images due to ground resolution limitations. .At each site, the total amount 
of hardened surfaces and structures greater than two meters was 
captured and calculated within a 300 radius circle buffer (the landscape 
buffer) around the site and recorded.  This process was repeated for every 
site in the study watersheds at each time series.  The corresponding aerial 
photographs were used as a base map for each of the four time series.   
 
Temporal Changes 
 Changes in the surrounding landscape can affect the health and 
condition of coastal wetlands.  The loss of forest and the gain of hardened 
surfaces can insinuate a loss of soft wetland buffers and a gain of hard 
wetland buffers.  The changes of landscapes were captured by measuring 
the distances in meters from the study site to the nearest landscape of 
interest along each of the four time series.   Temporal changes of land use 
were evaluated using Statgraphics, statistical software that provides data 
and graphical results.  The land use changes that are captured in this 
study is the distance to nearest tidal open water, the distance to nearest 
hardened surfaces, the distance to nearest agricultural/developed fields 
and the distance to nearest forest.     
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Tidal Open Water 
 At each site in the study watersheds, the distance from the center 
of the study site to any tidal open water body greater than or equal to two 
meters in width was measured using the measuring tool in ArcGIS 10.  
The distances were captured and recorded in meters for each site within 
the study watersheds along all four of the time series.  The corresponding 
aerial photographs were used as a base map for each of the four time 
series.   
 
Hardened Surfaces 
 At each site in the watershed, the distance from the center of the 
site to any hardened surface two meters in width or greater was captured 
and recorded using the measuring tool in ArcGIS 10.  The distances were 
measured in meters and recorded for each site within the study 
watersheds along all four of the time series.  The corresponding aerial 
photographs were used as a base map for each of the four time series.   
 
Agricultural/Developed Field 
 At each site in the watershed, the distance from the center of the 
site to any agricultural or developed field was captured and recorded in 
meters.   Examples of developed fields are golf courses, maintained yards 
such as housing community lawns and recreational sporting fields; as well 
as agricultural fields and crop lands.  The distances were measured in 
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meters for each site within the study watersheds along all four time series.  
The corresponding aerial photographs were used as a base map for each 
of the four time series.   
 
Forest Edge 
 At each site in the watershed, the distance from the center of the 
site to any forest edge greater than 30 meters by 30 meters was 
measured in meters using the measuring tool in ArcGIS 10.  These 
distances were captured for each of the four time series and recorded in 
meters.   The corresponding aerial photographs were used as base maps 
for each of the time series being measured.   
 
Results 
Changes in Stressor Abundance  
Total Open Water 
 Open water, both tidal and non-tidal, was quantified by assessing 
the total square meters within a 300-meter radius circle landscape buffer 
for all sites along four decade classifications in the three study 
watersheds.  I predicted that as you move towards present time, the total 
open water will increase.   
 
Exploratory Tests 
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 Exploratory tests were conducted first to determine the significant 
relationships between the total open water and two independent variables: 
study watersheds and time series.  Two-way analysis of variance results 
found that both variables are significantly different on a 95% confidence 
interval.  The analysis found that for the study watersheds the p-value 
=0.000 and the f-ratio= 10.71.  The analysis found for the time series the 
p-value was 0.000 and the f-ratio was 12.06.   
Interaction plots and mean distribution plots were generated in 
Statgraphics Centurion version 16 to determine the initial relationship 
between the independent variables among one another.   Figure 1 
indicates that the St Jones River Watershed and the Maurice River 
Watershed became more open in the 1970’s and then leveled off; 
however the Broadkill River Watershed had a more gradual increase in 
change of total open water.   
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Figure 2 is a mean distribution plot for the time series for the total 
open water values.  The data suggests that decade 1931 is significantly 
different than the later decades.  Back transforming the mean data 
displayed on figure 1, 1930’s was half as open as it was in the later 
decades.   
Figure 1: Interaction Plot for two-way total open water ANOVA 
(Statgraphics) 
Broadkill 
St Jones  
Maurice 
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Interaction and mean plots were generated for the two way ANOVA 
of total open water for the study watersheds.  Figure 3 shows that in the 
1930’s, it was signifincatly less open than the later years.  Another 
interesting interaction is that the Broadkill River Watershed, is less open in 
the 1970’s compared to the other study watersheds.  
Figure 2: Mean Distribution of decades for Total Open Water 
(Statgraphics) 
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The mean distribution plot, figure 4, confirm the results found in the 
interaction plot that the Broadkill River Watershed is different than the 
other study watersheds .   
 
Figure 3: Interaction plot of total open water with study watersheds and decade 
(Statgraphics) 
Broadkill         St Jones Maurice 
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Time Series Analysis 
 A one-way ANOVA was conducted for the total open water by the 
specific decades.  Furthermore, each of the three study watersheds were 
isolated to determine their specific relationships between total open water 
along the time series.   
 
Broadkill River Watershed 
 A one-way ANOVA was conducted for the Broadkill River 
watershed, to determine specific relationships between the total open 
water along the time series.  Time decade 1931 and 1970 were 
signficantly different from time decade 1992 and 2007. 
Figure 4: Mean distribution of watershed IDs for total open water 
(Statgraphics) 
Broadkill         St Jones Maurice 
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The Broadkill River watershed exprienced approximately a 200% 
increase in total open water from 1930 until 2007.  This was calculated by 
using the log-transformed mean distribution and back-transforming the 
values.  The greatest increases were found between 1931-2007, 1931-
1992 and 1970-2007 
 
 
Broadkill 
Mean Log-
transformed total 
open water 
Mean Back Transformed total open 
water (square meters) 
1931 9.15157 9429 ± 1cm2 
1970 9.45265 12741 ± 1cm2 
1992 9.97741 21534 ± 1cm2 
2007 10.2423 28065 ± 1cm2 
 
 
 
Percent Increases in Back-Transformed Mean Total Open Water for the 
Broadkill River Watershed 
1931-1970 1931-1992 1931-2007 1970-1992 1970-2007 1992-2007 
+35.13% +128.38 +197.64% +69.00% +120.23% +30.33% 
 
Table 1- Back transformed mean total open water, Broadkill River Watershed  
Table 2: Percent Increases in Total Open Water, Broadkill River Watershed  
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St Jones River Watershed 
 A one-way ANOVA was conducted for the total open water along 
the time series for the St Jones River Watershed to determine specific 
differences along the time series.  The decade 1931 was found to be 
significantly different (p-value was 0.0252) from the other three time 
series.  From 1931 to 2007, the St Jones River Watershed had an 
approxamitely 100% increase in total open water.  The slight percentage 
differences among time decades 1970, 1992 and 2007 (table 4) was most 
likely due to image referencing and quality.   
 
 
St Jones Mean Log-
transformed total 
open water 
Mean Back Transformed total 
open water (square meters) 
1931 9.73571 16910 ± 1cm2 
1970 10.4369 34094 ± 1cm2 
1992 10.3165 30227 ± 1cm2 
2007 10.3154 30194 ± 1cm2 
 
 
 
 
 
Table 3- Back transformed mean total open water, St Jones River Watershed  
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Percent Increases in Back-Transformed Mean Total Open Water for the St 
Jones River Watershed 
1931-1970 1931-1992 1931-2007 1970-1992 1970-2007 1992-2007 
+101.62% +78.74% +78.55% -11.34% -11.44% -0.11% 
 
 
Maurice River Watershed 
 A one-way ANOVA was conducted on the relationship between 
total water and the time series for the Maurice River Watershed.   A 
significant difference was found between decade 1931 (p- value= 0.0074) 
and the later decades.  From 1931 to 2007, their was an approxamitely 
160% increase in open water.   
 
 
Maurice River 
Mean Log-transformed 
total open water 
Mean Back Transformed total 
open water (square meters) 
1931 9.59485 14688 ± 1cm
2 
1970 10.5102 36687 ± 1cm
2 
1992 10.5638 38707 ± 1cm
2 
2007 10.5537 38318 ± 1cm
2 
 
Table 4- Percent Changes in Total Open Water, St Jones River Watershed  
Table 5- Back transformed mean total open water, Maurice River Watershed  
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Percent Increases in Back-Transformed Mean Total Open Water for the Maurice 
River Watershed 
1931-1970 1931-1992 1931-2007 1970-1992 1970-2007 1992-2007 
+149.76% +163.52% +160.87% +5.50% +4.45% -1.00% 
 
 
Watershed Analysis  
1931 
 Relationships between the total water among the watersheds were 
conducted for decade 1931.  The results of the one-way ANOVA show 
that there is not a significant difference among the study watershed for 
decade 1931 (p-value= 0.1477, f-ratio= 1.96).  
 
1970 
 The Broadkill River Watershed, was found to be significantly 
different from the Maurice River and St Jones River Watersheds for 1970 
(p-value= 0.001; f-ratio=10.19).   Broadkill’s average mean is significantly 
lower than the Maurice and St Jones River Watersheds.  Their means can 
be found in table 7.  The Broadkill River Watershed, is nearly 1/3 the 
mean total water compared to the averages of the St Jones and Maurice.   
Table 6- Percent Changes in Total Open Water, Maurice River Watershed  
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DECADE 1970 
Log-Transformed Total 
Open Water 
Back-Transformed Total 
Open Water (square 
meters) 
Broadkill 9.45265 12741 ± 1cm
2
 
St Jones 10.4369 34094 ± 1cm
2
 
Maurice 10.5102 36687 ± 1cm
2
 
 
 
1992 
 The one-way ANOVA for total water by the study watersheds for 
decade 1992 was not significant on a 95% confidence interval (p-value = 
0.0902; f-ratio= 2.47).   
 
2007 
 On a 95% confidence interval, the differences among watersheds 
were not significant for the decade 2007 (p-value= 0.4988; f-statistic= 
0.70).   
 
Total Hardened Surfaces  
 I hypothesized over time; the total hardened surfaces would 
increase in the study watersheds.  The two-way analysis of variance found 
Table 7: Log transformed and back transformed means for total water among the 
study watersheds in 1970 
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that the study variables were not significant different.  Total hardened 
surfaces and study watersheds had a p-value of 0.2164 and f-ratio of 1.56.  
Total hardened surfaces and time series had a p-value of 0.6457 and f-
ratio of 0.56. 
 
Temporal Changes of Land Use 
 
Tidal Open Water 
Temporal changes in the distance in meters to the nearest tidal 
open water body greater than two meters was measured along the time 
series to determine any and all changes.  I hypothesized that as you move 
towards present day, the distance to nearest tidal water will decrease 
because of increases in hydrologic disturbances such as impoundments 
and man-made grid ditches.   
Using the mean distances for each of the decades along the time 
series and comparing them among the watersheds shows that changes in 
tidal open water occur.  Figure 5 shows the mean distance in meters for 
each of the study watersheds along the time series for tidal water.  This 
figure shows that as you move along the time series from 1931 to current 
time, the mean distance to the nearest tidal open water decreases.   
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Exploratory Tests 
To determine if there was a statistical difference along the time 
series and among study watersheds and the distance to tidal open water, 
a two-way analysis of variance was computed in Statgraphics.  The two-
way ANOVA also found that the interactions between watershed id and 
decade were significant.  Study watersheds had a p-value of 0.0008 and a 
f-ratio of 7.28.  The time series variable had a p-value of 0.000 and a f-
ratio of 10.23.  
Interaction plots (Figure 6 and 8) and means plots (Figure 7 and 9) 
are shown below.  The plots suggest that the St Jones River watershed is 
more tidally influenced because its distance to tidal open water is less 
than the other study watersheds.   Along the time series, the distance to 
Figure 5- Mean distances to tidal open water along the time series for study watersheds 
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tidal open water decreases as you move to present day.  This suggests 
that the watersheds are becoming more tidal, possibly due to increases in 
hydrologic alterations such as ditching.   
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Figure 6: Interaction plot between distance to tidal open water and study 
watersheds by decade 
(Statgraphics) 
Figure 7: Mean distance to tidal open water by watershed 
(Statgraphics) 
Broadkill         St Jones Maurice 
Broadkill         St Jones Maurice 
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Figure 9: mean distance to tidal open water along time series 
(Statgraphics) 
 
Broadkill 
St Jones 
Maurice 
 
 
Figure 8: Interaction plot between distance to tidal 
open water and study watersheds by watersheds 
(Statgraphics) 
:  
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Time Series Analysis 
 A one-way ANOVA was conducted in order to further investigate 
the significant differences between the distances to tidal open water along 
the time series at each of the study watersheds. 
 
Broadkill River Watershed 
 The relationship between the distances to tidal open water along 
the time series for the Broadkill River Watershed was investigated in a 
one-way ANOVA (p-value= 0.6568 and f-ratio= 0.54).  
 
  St Jones River Watershed 
 A one-way ANOVA was conducted between the distances to tidal 
open water by decade for the St Jones River Watershed (p-value= 0.0471 
and f-ratio= 2.74).   Back transforming the data, the most significant 
relationships were found between 1931-1970 and 1931-2007.  The 
distance to tidal open water decreased by 43% between 1931-2007. 
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Maurice River Watershed 
A one-way ANOVA was conducted between the distances to tidal 
open water by decade for the Maurice River Watershed.  On a 95% 
confidence interval, the Maurice River Watershed has a statistically 
significant difference between distances to tidal open water along the time 
series (p-value= 0.000 and f-ratio = 9.48).    
Back transforming the data, the most significant relationships were 
found between 1931-1970, 1931-1992 and 1931-2007.  The distance to 
tidal open water decreased by 79.7% between 1931-2007, decreased by 
77.3% between 1992-2007 and decreased by 75.1% between 1931-1970.  
In the Maurice River, the trend is that there is a large drop in distance to 
St Jones 
Log-transformed mean 
distance to tidal open 
water 
Back-transformed mean 
distance to tidal open 
water (meters) 
1931 3.85539 48.686 
1970 3.21961 25.018 
1992 3.32179 27.710 
2007 3.07367 21.621 
Table 8: Mean distances to tidal open water along the time series, St Jones River 
Watershed 
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tidal open water after 1931, and then remains fairly even from 1970 to 
present time.   
 
 
 
 
Watershed Analysis 
 A one-way analysis of variance between the distances to tidal open 
water among the study watersheds was conducted to investigate specific 
differences along the time series.   
 
1931 
 A one-way analysis of variance was conducting during 1931 for the 
distances to tidal open water.  There was not a significant relationship 
Maurice River 
Log-transformed mean 
distance to tidal open 
water 
Back-transformed mean 
distance to tidal open 
water 
(meters) 
1931 4.633 102.822 
1970 3.24253 25.598 
1992 3.14907 23.314 
2007 3.03875 20.879 
Table 9: Back-transformed mean distances to tidal open water by decade for the 
Maurice River Watershed 
159 
 
 
between the distance to tidal open water among the study watersheds in 
1931 (p-value = 0.0573 and f-ratio =2.96).    
 
1970 
A one-way analysis of variance was conducted to determine the 
significant relationships at decade 1970.  On a 95% confidence interval, 
the relationship was significantly different (p-value= 0.0203 and f-ratio = 
4.10).   
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Back transforming the distance to tidal open water during decade 
1970, the most significant difference occurs at the Broadkill River 
Figure 10: mean distribution of distance to tidal 
open water by watersheds, 1970 
(Statgraphics) 
Broadkill         St Jones Maurice 
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Watershed.  The distance to tidal water was more than twice as long 
compared to the St Jones and Maurice River Watersheds.   
 
 
 
 
1992 
A one-way analysis of variance was conducted to determine if 
during the decade 1992 there was a significant differences between the 
distance to tidal open water among the study watersheds (p-value= 
0.0317 and f-ratio = 3.60).  
 
DECADE 1970 
Log-transformed mean 
distance to tidal open 
water 
Back-transformed mean 
distance to tidal open 
water (meters) 
Broadkill River Watershed 3.99151 54.137 
St Jones River Watershed 3.21961 25.018 
Maurice River Watershed 3.24253 25.598 
Table 10: Back-transformed means for distance to tidal open water by study 
watersheds at decade 1970 
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The Maurice River Watershed back-transformed distance to tidal 
open water, found in Table 11, show that it is half the distance to the 
Broadkill River Watershed.  The St Jones River Watershed and the 
Maurice River Watershed is more tidally influenced than the Broadkill 
River Watershed in 1992. 
 
 
DECADE 1992 
Log-transformed mean 
distance to tidal open 
water (meters) 
Back-transformed 
mean distance to tidal 
open water (meters) 
Broadkill River Watershed 3.87046 47.964 
Figure 11: mean distance to tidal open water by watershed 
ID for 1992 
(Statgraphics) 
Table 11: Back-transformed means for distance to tidal open water by study 
watersheds for 1992 
Broadkill         St Jones Maurice 
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2007 
A one-way analysis of variance was conducting to determine if 
during the decade 2007 there was a significant relationship between the 
distance to tidal open water among the study watersheds.  On a 95% 
confidence interval, the relationship was significant (p-value = 0.0198 and 
f-ratio= 4.13).   
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St Jones River Watershed 3.32179 27.710 
Maurice River Watershed 3.14907 23.314 
Figure 12: Mean distance to tidal open water by watershed, 2007 
(Statgraphics) 
Broadkill         St Jones Maurice 
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 Table 12 shows the mean back transformed distance to tidal open 
water for each of the study watersheds.  Again, the Broadkill River 
Watersheds distance to nearest tidal open water is significantly larger than 
the St Jones River and Maurice River Watershed indicates that it is less 
tidally influenced with such things as tidal creeks or ditches.   
 
 
 
 
Hardened Surfaces 
 Temporal changes in the distances to hardened surfaces, greater 
than five meters in width, from the study sites was measured for the study 
sites in the study watersheds along the four time series.  I predicted that 
DECADE 2007 
Log-transformed 
mean distance to 
tidal open water 
(meters) 
Back-transformed 
mean distance to 
tidal open water 
(meters) 
Broadkill River 
Watershed 
3.77643 43.660 
St Jones River 
Watershed 
3.07367 21.621 
Maurice River 
Watershed 
3.03875 20.879 
Table 12- Back-transformed mean distance to tidal open water by study watershed for 
decade 2007 
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the distance to the nearest hardened surface would decrease as you 
move to present day because of increases in development.   
  Figure 13 indicates that the Maurice is most developed around 
coastal wetlands because the distance to nearest hardened surface is less 
than the other study watersheds.   
 
 
 
 
 
Exploratory Tests 
 A two-way analysis of variance was conducted to determine the 
significant relationship between the distances to nearest hardened 
surfaces between the two independent variables: the study watersheds 
and the time series.  The results found that the study watershed 
relationship had a p-value of 0.0762 and an f-ratio of 2.59.  There was a 
Figure 13: Mean distances to 
hardened surfaces for study 
watersheds 
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significant difference in the relationships along the time series (p-value= 
0.0216 and f-ratio= 3.27). 
Interaction and mean plots (Figures 14 and 15) were graphed 
between the relationship between nearest distance to hardened surfaces 
and the time series.  The plots indicate that as you move towards present 
time, the distance to hardened surface decreases; therefore coastal 
wetlands are becoming developed.   
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Figure 14: interaction plot between hardened surfaces and 
watershed ID by decade 
(Statgraphics) 
Broadkill 
St Jones 
Maurice 
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Time Series Differences 
 Specific relationships were looked at among the study watersheds 
for the time series.  No significant differences were found among the study 
watersheds along the time series when the watersheds were isolated.  
The Broadkill one-way ANOVA results were a p-value of 0.1766 and an f-
ratio of 1.67.  The St Jones one-way ANOVA results were a p-value of 
0.0598 and an r-ratio of 2.54.  The Maurice one-way ANOVA results were 
a p-value of 0.9825 and an f-ratio of 0.06. 
 
Agricultural/Developed Fields  
Temporal changes in the distances to developed fields, greater 
than five meters in width, from the study sites were measured for each of 
Figure 15: mean distance to hardened surface by decade 
(Statgraphics) 
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the study watersheds along four time series.   I hypothesized that the 
mean distance to developed fields along the time series for study 
watersheds would vary among the study watersheds.   
Preliminary data suggests that the St Jones River Watershed is 
more agricultural.  The mean distance to developed fields is a lot shorter 
along the time series compared to the other study watersheds.  The 
Maurice River Watershed mean distance experiences a significant 
increase in distance to nearest developed lawn between 1937 and 1970.  
This is probably due to the large salt hay farming movement that occurred 
in the Maurice River in the early 1900’s.  The Broadkill River watershed 
has high mean distance to nearest developed lawn throughout the time 
series.   
 
 
 
Exploratory Tests 
Figure 16- distribution of mean distances to developed lawns by 
study watersheds 
168 
 
 
 An exploratory two-way analysis of variance was conducted to 
determine any significant relationships between the nearest distance to 
developed fields among the study watersheds or along the time series.  
The two-way ANOVA found that there was a significant relationship 
among the study watersheds (p-value= 0.0003 and f-ratio= 8.34) however 
there was not a significant relationship along the time series (p-value= 
0.125 and f-ratio= 1.93).   Mean distance and interaction plots (Figures 17 
and 18) were generated in Statgraphics to display the relationships 
between the significant difference between the distance to developed 
fields and the study watersheds.  The plots indicate the St Jones is 
different from the Broadkill and Maurice in its relationship to the distance 
to nearest developed field. 
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Figure 17: mean distance to developed fields by study watersheds 
(Statgraphics) 
Broadkill         St Jones Maurice 
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Watershed Analysis 
 Individual decades were isolated in one-way ANOVA of variances 
to look at specific differences among the study watersheds for the nearest 
to distance in developed fields.   
 
1931 
 A one-way analysis of variance was conducted by comparing the 
distance to developed fields among the study watershed for decade 1931 
to determine any significant relationships (p-value= 0.4385 and f-ratio= 
0.83). 
Figure 18: Interaction plots between distance to developed fields and 
decade by watershed  
(Statgraphics) 
Broadkill         St Jones Maurice 
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1970 
A one-way analysis of variance was conducted by comparing the 
distance to developed fields among the study watershed for decade 1970 
to determine any significant relationships (p-value= 0.1613 and f-ratio= 
1.86)   
 
1992 
 A one-way analysis of variance was conducted in order to 
determine any statistical significant differences between the distances to 
nearest developed fields among the study watersheds in the decade 1992 
(p-value= 0.0025 and f-ratio= 6.38).   The most significant differences 
occurred between the St Jones watershed and the other two study 
watersheds.    
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Table 13 shows the mean log-transformed and back-transformed 
distances to nearest developed lawn for 1992 among the study watershed.  
The St Jones River Watershed’s distance to nearest developed field is 
significantly smaller compared to the Maurice River and Broadkill River 
Watersheds for decade 1992. 
 
 
Decade 1992 
Log-transformed mean 
distances to nearest 
developed fields (meters) 
Back-transformed 
distances to nearest 
developed fields (meters) 
Broadkill 6.20781 496.612 
Figure 19: mean distance to developed fields by study watersheds, 1992 
(Statgraphics) 
Table 13: Back-transformed mean distance to developed fields for study 
watersheds, 1992 
Broadkill         St Jones Maurice 
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St Jones 5.67966 292.850 
Maurice 6.37988 589.857 
 
 
2007 
A one-way analysis of variance was conducted in order to 
determine any statistical significant relationships between the distances to 
nearest developed fields among the study watersheds in the decade 2007 
(p-value= 0.0097 and f-ratio= 4.90).  The most significant relationships 
occur between the St Jones River and the other study watersheds. 
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Figure 20: mean distance to developed fields by study 
watersheds, 2007 
(Statgraphics) 
Broadkill         St Jones Maurice 
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Table 14 shows the mean log-transformed and back-transformed 
distances to nearest developed lawn for 2007 among the study watershed.  
The St Jones River Watershed’s distance to nearest developed field is 
significantly smaller compared to the Maurice River and Broadkill River 
Watersheds for decade 2007. 
 
 
Decade 
2007 
Log-transformed mean 
distances to nearest 
developed fields (meters) 
Back-transformed distances 
to nearest developed fields 
(meters) 
Broadkill 6.24006 512.889 
St Jones 5.76235 318.095 
Maurice 6.36084 578.732 
  
  
Forest Edge 
Temporal changes in the distances to forest edges, greater than 
thirty meters by thirty meters, from the study sites were measured for each 
of the study watersheds along the time series.  I hypothesized that as you 
move along the time series towards the present day, the distance to forest 
edge would significantly increase due to loss of forest and increases in 
development.  I hypothesized that there would be no difference among the 
study watersheds, but there would be a difference along the time series.  I 
Table 14: Back-transformed mean distance to developed 
fields by study watersheds, for 2007 
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assumed that the loss of forest would be consistent throughout the study 
watersheds, and it would increase as you move towards present day.     
 
 
 
 
 
Exploratory Tests 
 A two-way analysis of variance was conducted for the log-
transformed distance to forest for two independent variables: watershed id 
and decade differences.  Both variables were found to be not statistically 
significant.  The two-way analysis of variance between distance to forest 
edge and study watershed had a p-value of 0.7399 and an f-ratio of 0.3.  
The relationship between distance to forest edge and time series had a p-
value of 0.9266 and an f-ratio of 0.15.  
Figure 21: mean distance to forest edge along 
the time series for study watersheds 
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Discussion 
 
Coastal Wetland Land Use Changes 
 This study found several important characteristics of coastal 
wetlands in the Delaware Estuary.  First, the Delaware Estuary is getting 
more tidal and has more total open water on the surface today than it did 
70 years ago.  The most significant changes in tidal water occurred 
between the 1930’s and the 1970’s.  Next, the distance to nearest 
hardened surface decreased as you move towards present day; therefore 
the Delaware Estuary is becoming more developed.  Lastly, between 
1970’s and the 1990’s, the Maurice River Watershed and the Broadkill 
River Watershed shifted from a more agricultural landscape to something 
else while the St Jones remained primarily agricultural.   
 
Open Water Increases 
 Throughout the study watersheds, an increase in tidal and non-tidal 
water was found as you move along the time series.  Quantifying these 
changes in a GIS, I saw that the most significant increases occurred along 
tidal channels, where edge erosion occurs, as well as increases in surface 
water on top of the marsh.  These surface waters increases or fragmented 
pools are increasing throughout the study watersheds.  The increase in 
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edge erosion and fragmented pools in some cases overlap causing a 
massive increase in open water in some remote areas. 
 The Maurice River Watershed’s history of land use, specifically salt 
hay farming from the early 1900’s, had direct impacts on increases in tidal 
and non-tidal open water.  Impoundments were placed around coastal 
wetlands in the Maurice River Watershed to keep soils well drained and 
salt water out.  Most of these impoundments were abandoned when the 
salt hay farming industry dissipated in the later years.  These 
impoundments, with the pressures of sea level rise, have caused serious 
dike blowouts in the later decades of this study.  Dike blowouts show a 
massive dendritic pattern around the main channel of the Maurice River in 
coastal wetlands where prior, there were areas of wetlands, now replaced 
with open water.   
 
Hardened Surfaces Increases  
 Areas around coastal wetlands in the Delaware Estuary are 
becoming more developed.  This data is conclusive with land use and land 
cover data found in the corresponding states.  Decreases in the distances 
to nearest hardened surfaces were found throughout the study 
watersheds.  Hardened riparian control measures such as bulkheading 
and riprap were not quantified in this study due to image quality 
limitations; however, working with the aerial photographs, I saw significant 
differences in the amount of hardened riparian erosion control measures 
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between 1992 and 2007, years in which these stressors can be seen.  If 
these riparian control measures were able to be captured and analyzed 
throughout the time series, I think that the percent increase in 
development would be greater.   
 
Agricultural Practices Changed 
 The Delaware Estuary was primarily agricultural moving into the 
1990’s, however the landscape changed, most likely due to greater 
pressures in urbanization and development.  The changes in 
agricultural/developed fields differed among the study watersheds.  The St 
Jones remained primarily agricultural around coastal wetlands; however 
the Maurice River and Broadkill River watersheds changed from an 
agricultural landscape to something different.     
 
The cumulative message for this study is that significant landscape 
changes have been taking place around coastal wetlands in the Delaware 
Estuary.  The changes in land cover in upland communities around 
coastal wetlands may have significant implication for coastal wetland 
health and condition.  My recommendation would be for stakeholders to 
consider the most significant changes in stressor and land use type to 
help determine the types of restoration and enhancement projects in the 
Delaware Estuary. 
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Study Limitations 
Tidal Regimes 
Study 2 could be affecting the significant relationships that were 
produced.  First, the total open water and distances to tidal water were 
found to be both significant among some of the independent variables.  
Naturally, tidal regimes may have caused some of the variability among 
the study watersheds or along the time series.  Tidal regimes were 
considered in this project as the possible reason for impacting the 
significant relationships, however the specific tidal regime was not capture 
during the aerial flights; therefore there is no way to know if the aerial 
photographs were photographed during high or low tides.   
 
Recommendation 
 In order to further validate the changes in land use and stressor 
abundance in the study watersheds, an adjunct study of their physical 
configuration of the study sites to the main channel of each study 
watershed’s river and nearest distance to the Delaware Bay would be an 
interesting and important characteristic to consider.  Coastal wetlands in 
the Delaware Estuary are dynamic and changing due to climate change 
and sea level rise.  Due to time limitations, I was not able to determine the 
changes to the distance to the main channel of the River or the Delaware 
Bay; however I think this would be an important land use metric to be 
quantified in future studies.   
179 
 
 
STUDY THREE 
Introduction 
 Coastal wetlands are a hallmark feature of the Delaware Estuary 
and an important environmental indicator.  Preliminary studies in the 
Delaware Estuary found that coastal wetland health is deteriorated (see 
study one).  Several local and regional stressors could be the driving 
cause for the variability in coastal wetland health (see study two).  Study 
two quantified the total changes of several local human impacted land use 
stressors within and around coastal wetlands in the Delaware Estuary.    
Understanding the driving factors causing coastal wetland health is 
important for prioritizing coastal wetland restoration and enhancement 
projects.  Determining relationship between changes in land use and 
stressor abundance may be used as a tool to better predict the future 
health and condition of coastal wetlands throughout the Delaware Estuary, 
and similar Mid-Atlantic estuaries.   
Approach 
Study One 
 Study one goals was to contrast coastal wetland condition in the 
Delaware Estuary by using rapid methods.  Coastal wetland condition was 
determined in 89 sites in three watersheds of the Estuary.   
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Study Two 
 Study two goals were to contrast stressor profiles and land use 
changes in the Delaware Estuary by using aerial photographs and 
geographical information systems analysis.  Stressor profiles were 
quantified along four time stamps at the same site locations found in study 
one.   
 
Study Three   
Study three looks at the cumulative relationship trends among the 
watersheds to determine significant relationships between how land use in 
the Delaware Estuary may be affecting current wetland condition.  Study 
three will determine any and all trends between study one and study two.  
Determining the significant trends between the changes in land use in 
study two and the wetland condition results found in study one will 
determine if land use changes in the Delaware Estuary are impacting 
current coastal wetland health and condition. 
 
Methods 
Condition Assessment 
 Coastal wetland condition was assessed in study one by using the 
Mid-Atlantic Tidal Rapid Assessment Method (Mid-TRAM).  The Mid-
TRAM produced attribute and overall condition score for the three study 
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watersheds: the Broadkill, St Jones and Maurice River Watersheds.  For 
specific details on how these scores were collected and computed, see 
methods in study one.   
 
Stressor Profiles 
 Stressor profiles were quantified along four time stamps for the 
three study watersheds in study two.  The total change from the 1930’s 
until current time was calculated for the total open water and total 
hardened surfaces in a 300 meter buffer around the study sites.  
Distances to nearest tidal open water, distances to nearest hardened 
surfaces, distances to nearest agricultural/developed fields and distances 
to nearest forest were also measured to determine land use changes.  For 
specific requirements and methods on how these distances were 
measured and quantified, see methods in study two.   
 
Regression Trends 
 Simple regressions were conducted to determine how the changes 
in land use and stressors were impacting coastal wetland condition in the 
Delaware Estuary.  Regressions were completed between each of the 
study sites corresponding Mid-TRAM wetland condition attribute and 
overall condition score with the changes in land use abundance and 
distances found in study two to determine any relationship found among 
the variables.  R-squared values are found on each of the plots.  The 
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regression plots will determine how past land use changes are impacting 
current coastal wetland condition. 
 
Results 
Study Watersheds 
 Study three synthesizes the results found in study one and study 
two; therefore refer to study one site selection methods for the specific site 
locations and study watersheds in the Delaware Estuary.   
 
Study One 
 A summary of the most significant results found in study one is 
found in this section.  Each of the study attributes and overall condition 
score is charted and graphed by their corresponding study watershed.   
 
Average Percent Score 
 Table 1 and figure 1 summarize and chart the mean attribute and 
overall condition scores found in study ones rapid coastal wetland 
condition assessment using the Mid-TRAM.  Table one outlines the most 
and least stressed sites for each of the coastal wetland condition variables 
among the study watersheds.  Figure 1 shows the variability among the 
study watersheds. This section summarizes the most important findings 
from study one.   
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 Buffer/Landscape Hydrology Habitat Overall 
St Jones River 
Watershed 
75.778 84.722 68.00 76.167 
Broadkill River 
Watershed 
78.621 79.885 64.367 74.291 
Maurice River 
Watershed 
72.667 89.722 65.778 76.056 
 
 
 
 
 
Table 1- Coastal wetland condition summary   
Figure 1- Mean percent score 
distribution by study watersheds 
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Study Two 
 Stressor profiles were quantified and compared among the study 
watersheds and along four time series.  The most significant and not 
significant relationships are displayed in table 2 below.  A significant 
relationship is indicated with a green checked box.  A non-significant 
relationship is indicated with a red crossed out box. 
   
 
 WATERSHED ID DECADE 
TOTAL WATER   
TOTAL HARDENED SURFACE X X 
DISTANCE TO TIDAL OPEN WATER 
  
DISTANCE TO HARDENED SURFACES X 
 
DISTANCE TO AGRICULTURAL/DEVELOPED 
FIELDS  
X 
DEVELOPED TO FOREST X X 
 
  
Regression Trends for Land Use 
 The total gains or losses between the various land use types was 
determined by subtracting the quantities found in 2007 by their results 
found in their 1930’s data to determine total change.  A simple regression 
Table 2- Summary of significant land uses 
changes  in coastal wetlands  
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was completed against each of the study sites corresponding Mid-TRAM 
wetland condition attribute and overall condition score with the total 
changes (2007-1930) in land use abundance and distances found in study 
two to determine the relationship between land use stressors and salt 
marsh condition.   
   
Distance to Tidal Open Water 
 The changes in distances to tidal open water was found to not have 
a significant linear trend relationships among the study watersheds with 
any of the test attributes or overall condition score.   
 
Distance to Hardened Surfaces 
The changes in distance to nearest hardened surface was found to 
not have a significant linear trends relationship among the study 
watersheds with any of the test attributes or overall condition score.   
 
 
Distance to Forest 
The change in distance to nearest forest was found to have a linear 
relationship with habitat condition.  There was no linear trend relationship 
with the other condition variables among the study watersheds. 
 
Habitat 
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There is a linear trend between distance to forest edge and habitat 
scores.  The smaller the distance to nearest forest edge, the higher the 
habitat condition score, indicating that coastal wetlands favor having forest 
land cover.  This relationship is consistent throughout the three study 
watersheds.   
 
St Jones 
 Below is the linear graph (Figure 2) for the St Jones of the changes 
in distances to the forest edge (2007-1937) and percent habitat score with 
95% mean confidence intervals.  The F-statistic is 4.195 and the p-value is 
0.050.  
 
 
 Figure 2: Linear trends between changes in 
distance to forest edge and habitat scores, St Jones 
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Broadkill 
 
Below is the linear graph (Figure 3) for the Broadkill of the changes 
in distances to the forest edge (2007-1937) and percent habitat score with 
95% mean confidence intervals.  The F-statistic is 0.413 and the p-value is 
0.526. 
 
 
 
 
 
Maurice 
Below is the linear graph (Figure 4) for the Maurice of the changes 
in distances to the forest edge (2007-1937) and percent habitat score with 
Figure 3: Linear trends between changes in 
distance to forest edge and habitat scores, Broadkill 
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95% mean confidence intervals.  The F-statistic is 2.383 and the p-value is 
0.134. 
 
 
 
 
 
 
Distance to Agricultural/Developed Fields 
The changes in distances to nearest agricultural/developed fields 
were found to have a linear correlation with buffer condition, habitat 
condition and overall condition.  There was no linear trend between 
hydrology condition and changes in distances to agricultural/developed 
fields. 
 
Figure 4: Linear trends between changes in 
distance to forest edge and habitat scores, Maurice 
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Buffer 
Figures 5-7 show the linear trends between the buffer condition 
scores and the changes in nearest distances to agricultural/developed 
fields among the study watersheds.  A linear correlation was found 
between the buffer condition score and the changes to distances to 
agricultural fields.  The higher condition scores were found where 
distances to nearest developed lawn was minimally, indicating that the 
buffer scores favor agricultural or developed fields.        
 
St Jones 
 The trends between the changes in distances to maintained fields 
(2007-1937) and buffer condition scores were graphed for the St Jones.  
The F-statistic is 1.412 and the p-value is 0.245. 
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Broadkill 
The trends between the changes in distances to maintained fields 
(2007-1937) and buffer condition scores were graphed for the Broadkill.  
The F-statistic is 2.797 and the p-value is 0.106. 
 
 
Figure 5: Linear trends between changes in 
distance to maintained fields and buffer scores, St 
Jones 
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Maurice 
The trends between the changes in distances to maintained fields 
(2007-1937) and buffer condition scores were graphed for the Broadkill.  
The F-statistic is 11.734 and the p-value is 0.002. 
 
 
Figure 6: Linear trends between changes in 
distance to maintained fields and buffer scores, 
Broadkill 
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Hydrology 
No linear correlations were found between the hydrology condition 
score and the changes in distances to agricultural/developed fields.     
 
Habitat 
 A linear correlation was found between the habitat condition score 
and the changes in distances to developed fields.  The habitat condition is 
more degraded if surrounding by agricultulra/developed fields.  The habitat 
condition is more healthy when the distance to nearest agricultural 
increased, making it futher away, along the time series.  This data shows 
Figure 7: Linear trends between changes in 
distance to maintained fields and buffer scores, 
Maurice 
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that habitat condition score is affected by maintained and treated fields 
such as golf courses, crop land and recreation sporting fields.  This 
relationship is shown in figures 8-10. 
 
St Jones 
The trends between the changes in distances to maintained fields 
(2007-1937) and habitat condition scores were graphed for the St Jones.  
The F-statistic is 0.615 and the p-value is 0.439. 
 
 
 
 
 
 Broadkill 
Figure 8: Linear trends between changes in 
distance to maintained fields and habitat scores, St 
Jones 
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The trends between the changes in distances to maintained fields 
(2007-1937) and habitat condition scores were graphed for the Broadkill.  
The F-statistic is 1.633 and the p-value is 0.212. 
 
 
 
 
 
Maurice 
The trends between the changes in distances to maintained fields 
(2007-1937) and habitat condition scores were graphed for the Maurice.  
The F-statistic is 6.539 and the p-value is 0.016. 
Figure 9: Linear trends between changes in 
distance to maintained fields and habitat scores, 
Broadkill 
195 
 
 
 
 
 
 
 
Overall 
 Figures 11-13 show the linear correlation between the overall 
condition score with the changes in distances to agricultural/developed 
fields.  This relationship is consistent among the study watersheds.  The 
more positive the changes in distaces in meters is, the greater the loss of 
agricultural fields around the study sites.  This relationship shows the 
greater the loss in agricultural lands, the higher the condition score.  
Therefore, coastal wetland condition does not favor agricultural/developed 
fields around the study sites.  It degrades the overall heatlh and condition.   
 
Figure 10: Linear trends between changes in 
distance to maintained fields and habitat scores, 
Maurice 
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St Jones 
The trends between the changes in distances to maintained fields 
(2007-1937) and overall condition scores were graphed for the St Jones.  
The F-statistic is 6.746 and the p-value is 0.015. 
 
 
 
 
 
 
 
 
 
Figure 11: Linear trends between changes in 
distance to maintained fields and overall scores, St 
Jones 
197 
 
 
Broadkill 
The trends between the changes in distances to maintained fields 
(2007-1937) and overall condition scores were graphed for the Broadkill.  
The F-statistic is 1.633 and the p-value is 0.212. 
 
 
 
 
 
 
Maurice 
The trends between the changes in distances to maintained fields 
(2007-1937) and overall condition scores were graphed for the Maurice.  
The F-statistic is 9.848 and the p-value is 0.004 
. 
Figure 12: Linear trends between changes in 
distance to maintained fields and habitat scores, 
Broadkill 
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Regression Trends for Stressor Abundances 
Total Open Water 
 Total open water changes were determined by subtracting the 2007 
quantified data by the 1930’s quantified data.  The larger the total 
quantified data in square meters, the larger the increase in total water.  
The data found no linear correlations for the condition variables at all of 
the study watersheds, indicating that an increase in total water is not 
affecting the overall condition score.   
 
Figure 13: Linear trends between changes in 
distance to maintained fields and habitat scores, 
Maurice 
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Total Hardened Surfaces 
 Total hardened surfaces were not included into this study.  Study 
two found that the variability in hardened surface was minimal.  Most of 
the hardened surfaces quantified were found to be zero, and not have any 
hardened surfaces captured within the landscape buffer, 300 m2 around 
the study sites.  Only a few sites were shown to have a difference, 
therefore, it would not be appropriate to determine linear trends on limited 
sites.   The distances to nearest hardened surfaces are included into this 
study, and will provide insight on the changes and impacts development 
has had on coastal wetland condition. 
 
Summary 
 The most significant linear trends occur between the changes in 
distances to forest and agricultural/developed fields.  These natural and 
non-natural land cover types are impacting coastal wetland condition, 
primarily through their habitat condition scores.  The natural land cover 
type, forests, provides higher habitat condition scores.  The treated, non-
natural developed fields impact coastal wetland health and degrade the 
overall habitat condition score.   
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Discussion 
Land Use Impacts 
 Land use changes were found to impact some of the condition 
variables.  The first linear trend found consistent among the three study 
watersheds was found between the distance to forest and the habitat 
condition variable.  When the distance to forest is minimal, meaning that 
the coastal wetlands are surrounded by forests, the habitat condition score 
is higher.  Habitat condition is favored by surrounding forest.  Habitat 
condition takes into account native species diversity and invasive species 
abundance.  Forests are natural, un-treated landscapes, therefore most 
likely not impacting the plant species.  Unnatural landscapes such as 
treated lawns or hardened surfaces cause run-off and other hydrological 
impacts therefore impairing plant diversity and invasive species 
abundance.  To summarize, forest is a good upland habitat to have near 
coastal wetland communities.   
The second trend that was found to be consistent among the three 
study watershed were the distance to agricultural/developed fields and the 
habitat and overall condition score.  Agricultural and developed fields 
negatively impact coastal wetland condition.  The more 
agricultural/maintained fields around the study sites, the lower the habitat 
and overall condition score.  Agricultural and developed fields are usually 
treated landscapes that are maintained.  These treated landscapes may 
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include herbicides and pesticides.  Runoff from these chemically treated 
and maintained lawns are impacting the habitat scores and overall 
condition scores.  Maintained lawns are not a suitable upland land cover 
type to have near coastal communities.   
 
Future Studies 
In order to reduce variables, I selected salt marshes only within 
coastal wetlands of the Delaware Estuary.  Another interesting test 
statistic is to determine any relationships among land use changes and 
coastal wetland condition between both freshwater tidal and salt marshes 
in coastal wetlands of the Delaware Estuary.  Do freshwater tidal wetlands 
experience different land use changes than salt marshes?  If so, are those 
changes consistent among watersheds of the Delaware Estuary?  An   
additional metric to this project would be to contrast freshwater and salt 
water tidal wetlands.  
Remotely sensed data are readily available in the Delaware 
Estuary.  Using more advance technology, an interesting addition to this 
study would be to include LANDSAT data to quantify habitat loss or 
changes in the study watersheds.  Similar studies have been done at a 
larger scale in the Delaware Estuary (see Kearney et al, 2001); however, 
looking at specific study watersheds, interesting relationships could 
emerge between past habitat loss and changes in current coastal wetland 
condition.   
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The last metric I would add to this study if more time was available 
would be to include NOAA T-Sheet data to determine important shoreline 
changes along the Delaware Bay at the study watersheds.  T-Sheets 
provide historical data and can be used to determine shoreline migration.  
Changes and losses of shoreline along the Delaware Bay would indicate 
that sea level rise is impacting the study watersheds, and may have a 
significant relationship to current coastal wetland condition.   
 
Recommendations 
 Study three determined the most significant linear relationships 
between specific land use changes and current wetland condition to 
determine how land use is affecting coastal wetland condition.  Study two 
showed that land use changes vary among study watersheds.  The 
Delaware Estuary is a large system, which includes many land cover 
types such as urban, industrial and agricultural.  Because of the variability 
among the study watersheds, my first recommendation would be to add 
more study watersheds to this study.  Examples of watersheds that could 
be considered into this study include the Dennis Creek Watershed, NJ or 
the Murderkill River Watershed, DE.    
 
Synthesis 
 This graduate work looked at 89 salt marsh salts within three 
watersheds of the Delaware Estuary.  At those 89 sites, current coastal 
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wetland condition was calculated.  Their condition was delineated by 
biological, hydrological and physical stressors.  Next, land use changes 
around the 89 sites were determined over a 70 year time frame.  Using 
aerial photographs, stressors and land use types were quantified to 
determine the most significant human influenced changes in and around 
the salt marshes.  Last, relationships were determined between changes 
in land use with current wetland condition.  Coastal wetland condition and 
health is a site specific, watershed driven issue.  Managers need to 
consider past land use changes, upland communities and stressor types 
in order to efficiently manage and enhance degraded wetlands.  This 
study is a good tool for managers to develop and prioritize wetland 
enhancement projects.   
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